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ABSTRACT 


Relative rates and Arrhenius parameters are 
measured for the addition of s (7p) atoms! to) the dolidowing 
alkenes and alkynes: ethylene, propylene, isobutylene, 
trimethylethylene, tetramethylethylene, 1,3-butadiene, 
vinyl chlorides cis = mand=trans-ditlneroethyiene;t tetra- 
fluoroethylene, 2-fluoropropene, 3,3,3-trifluoropropene, 
2-trifluoromethylpropene, 3,3-4,4,4-pentafluorobutene-l, 
vinyl-trifluorosilane, acetylene, methylacetylene and 
dimethylacetylene. The trend in reactivity is mainly 
due to activation energy differences and demonstrates 
clearly the electrophilic behaviour of s (7p) atoms. 

The rate parameters are compared and contrasted 
with those of other atomic and free radical species, and 
their variation with molecular structure are explained 
in terms of substituent effects such as the inductive 
effect, hyperconjugation, resonance and steric effects. 
The relationships of the activation energies with molecular 
properties such as localization energies, ionization 
potentials, singlet-triplet excitation energies, free 
valences and bond orders are examined. 

A detailed mechanism is proposed in terms of 


a Potential Energy —- Reaction Co-ordinate Diagram for the 
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addition of s (7p) atoms to ethylene. 

The fragmentation of "hot" episulfides formed 
by the addition of s(>p) atoms to ethylene and propylene 
at low pressures is investigated. 

Relative rates and Arrhenius parameters are 
measured for the abstractive reactions of 5 (2p) atoms 
with ethylene episulfide and propylene episulfide to give 
S. and the corresponding olefin. 

The secondary a-deuterium isotope effect is 
measured for the addition of s (7p) atoms L@ ethylene-d,, 
ethylene-1,1-d 


and cis- and trans-ethylene-d, over a 


Z 2 
temperatures range Fromizy7S*toryis0°C, ~The k/Ky ratio 
for each of the deuterated ethylenes was constant over 
the temperature range and the results are consistent 
with a transition state in which the sulfur atom is 


partially bonded to both carbon atoms and to two hydrogen 


atoms. 
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CHAPTER I 


INTRODUCTION 


The sulfur atom, having two unpaired electrons, 
is a divalent species. As such it can be classified 
chemically with other Group VI atoms and with divalent 
Hadicals such as <NH, 7C,0, =CHo substituted methylenes, 
etc. In each of these species the spin vectors of the 
two valence electrons can be parallel or anti-parallel, 
Enus diving rise to triplet or singlet electronic states 
respectively. An upper electronic state has a long natural 
lifetime with respect to radiative decay to a lower one of 
Gurtrerent muLtipia city since the transition is spin for- 
bidden; thus under the proper conditions, the chemical 
behaviour of either spin state can be studied. From the 
large body of data accumulated for the reactivities of 
these divalent species it is now clear that both the 
reactivity and the type of chemical reaction are profoundly 
apLected by the spin State or the  biradical. 

The atoms in Group VI of the Periodic Table have 
two degenerate p-orbitals available for the two valence 
electrons thus giving rise to the following three electronic 

BS aL a 


states: P, D. and So: The 3p state in accordance with 


Hund's. rule is the ground state and consists of three com- 


os and 3p depending on the spin-orbit 
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coupling. In the case of the sulfur atom the ing and nPB 
components are respectively 1.14 and 1.64 kcals mo leet above 


the bes State (el) ,4s0 that forceoracticalSpurposés the 


ground “stateswiliebes labeled oh The ‘Ds and 784 states 
of sulfur are respectively 26.4 and 63.4 kcals molen.- above 
the ground state. 

Since the present study is concerned with the 
addition reactions of s(p) abons with olefinic and 
acetylenic bonds, it seems desirable first of all to give 
aspitefadescription of the current status of our knowledge 
of these reactions. This will be followed by a general 
review of the pertinent features of the addition reactions 


of monovalent and divalent atoms and free radicals with 


multiple bonds. 


A) Reactions of s(p) Atoms With Alkenes and Alkynes 


1) Sources of s (3p) Atoms 


3) 


Extensive studies of the reactions of both S( 
and s(p) atoms with a large number of hydrocarbons and 
halides have been carried out over the past several years 
and have recently been reviewed by Strausz and Gunning (2). 
The source of sulfur atoms in these systems was the photolysis 
of carbonyl sulfide in the wavelength region 2550 - 2290A. 


The u.v. spectrum of COS consists of a banded spectrum 


° ° 
extending from about 2600A to 1800A, with a maximum at 
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2235A. Semirenpirrcal), MO:mcalculations <t3)« indicate 

Phat the transi tone isi a Il Pati* siands thesradivative lifetime 
of the upper state has been estimated to be 3.7 x ane 
secai (P42 ) ator has been shown that the quantum yield of 


° ° 
the primary step at both wavelengths 2537A and 2288A is 
cos (tzt) st SMe acne co(*s) + s (+p) [1] 


OP97 the Slight inetticiency being due to radiative or non- 
radiative transitions to the ground state. Reaction [1] 
requires a minimum energy of 98.8 kcal molest corresponding 
to 2895A; to produce sce” atoms a minimum energy of 135.8 
kcal no teae would be required corresponding to A = 2105A. 
Ouhnewereaccions OCCUurring in the photolysis of COS are 


the following: 


s (tp) ac OSee oan COs S5 [2] 

x eC 
SiG Dieta COG == COS * aS (=P) iS 

S 
See COS eas COO, [4] 

3 
Zao hee ato oo S. + M* [5] 
ReageuLoisie oleae) and jolvare- Of Minor AmporcenCe Caroon 


dioxide has been shown to be a very efficient deactivator 
eae s(tp) atoms to the ground state (5). In the presence 
of a large excess of this inert gas reactions [2] and [3] 


are replaced by the reaction 


x s(>pP) tLCOs * [6] 


s (+p) ha CO 9 


2 
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thus, abiording a useful “Source of ‘ground state sulfur atoms. 
Sidhu et al (3) have shown that the Hg- 

photosensitization of COS also provides a clean source 

of s (7p) atoms. At a COS pressure of 200 torr it has been 

shown that the quantum yield of CO formation is 1.79, 

almost the same as for the photolysis of COS. The following 

reaction sequence may be written: 


3 


ese ieana (25E 7) nat P,) [7] 


0? 
Hg (PP) PCOS (aaa Hg ("S,) PCO ye) oes sieP)) 208] 


s(°p) + cos + CO+S, [4] 


Although the exothermicity of reaction [8] is sufficient 


to promote the sulfur atoms to the (+p state, it has been 


>) 
shown that only ele atoms are produced, in accordance 


with the spin conservation rule. 


Pi) PeAdortrorm Cf s(?p) to Alkenes 


The only reaction occurring between s(p) atoms 
and alkenes is addition across the double bond to form 
the corresponding episulfide. Investigations of the 
reactions of s(>p) atoms to many olefins, including cyclic 
and halogenated olefins have been carried out (6, 7, 8) 
The reactions with internal olefins were stereospecific 
to a high degree. The addition reaction with ethylene is 
SOprdploetiauoamiaurly low Ethylene to COs Talro sis sut— 


ficient to Suppress reactions [4]. and: [5]. 
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eee ees of sulfur atom addition to alkynes 
are unstable®entities. By utitizing “the technique of flash 
photolysis with kinetic mass spectrometry, Strausz et al (9) 
have shown that the products of sulfur addition to acetylene, 
propyne, butyne-2 and hexafluorobutyne-2 were the corres- 
pondamg thizrenes with decay half-lives of 2, 5, 7weand) 0.1 


seconds, respectively. 


B) Additions of Atoms and Radicals to Multiple Bonds 


In this section it is desired only to point 
out those studies in which the relative addition rates to 
unsaturated compounds were measured, and to describe 
briefly the nature of the reactions and the methods employed 
in the measurements. The relative rates of addition of 
several monovalent and divalent reagents to a series of 
olefins are summarized in Table I, where it can be seen 
thatmeie: Variation in addi tionmrate with olefinsstructure 
is markedly dependent on the reagent involved. Two general 
trends of rate variation are discernible, due to (a) 
Telecurophni lice eddltions and) (5) @eiree 2adicalwaty pe 
additions. The former type are tabulated in the left-hand 
side of Table I and the free radical type reagents are to 
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The addition reactions of 0(°P) atoms with olefins 
have been reviewed by Cvetanovic (10). Since these addi- 
tion reactions are exothermic by about 100 kcals mole * 
tnesinitially formed adduct undergoes various secondary 
reactions such as isomerizations, "pressure independent" 
fragmentations, and "pressure dependent" fragmentations 
before stable products are produced. At limiting high 
pressures however, the products are formed in a constant 
Paid eee. de Le adit On LOL o(?p) 18) icis-2—-pentene yields 
Cls —B pen tence OxVCen(252)) strans B-pentene oxlce” (31) 
methyl-n-propyl ketone and diethyl ketone (25%) and 2- 
methyl butanal (21%) so that the number of oxygen atoms 
that have reacted can be determined by monitoring a single 
product. Thus with the use of the nitrous oxide technique, 
Cvetanovic and co-workers obtained accurate values of the 
relative addition rate constants at various temperatures 
by carrying out competitive reactions of oxygen atoms 
with two olefins at a time. The rate constant measurements 


were based on the following scheme: 








BGG ei om HO 
Hg* + NO + Hg + N + O(°P) 
J 2 g 2 
0(?P) + A a(n ee . facet 
l 1 eee 
3 
O( P) + A, 3 aoP. sake EEE [2] 
See Sie eee pea ie 
ky Oy AP. (Aj) 





where ois the fraction of the total products constituted 


Dy ge aenieers eChnenyielc sor wroduct.P eandywe(A) is the olefin 


concentration. Since 
ak th 
le oer [alee = AN. , 
04 il O5 2 2 
then 
k (A.) BRIAN ~l 


SO vtmet the relative rate Constants of two olefins can be 


calculated by measuring the yield of N. and a single pro- 


2 
duct. The same method was used by Moss and Jennings (11) 

to measure the relative addition rates of 0(°p) atoms to 

a number of fluorinated olefins. Saunders and Heicklen (12) 
measured the rate constants for addition of 0 (Pp) atoms 

to some saturated and unsaturated hydrocarbons by means 


of competition between the hydrocarbon and C Fy for oxygen 


2 
atoms produced by the N,0 technique. 0(>p) atoms react 
with CoF, to give CF,0 as the sole oxygen-containing product 


so that relative rates could be measured by observing the 


quantum yield of CFO in the presence: of various concen 


2 
trations of hydrocarbons, and applying the following 


equation: 
k (hydrocarbon) [CoP y] 5 ae °CP20 
kK(C5F,) [hydrocarbon] ern 0 


2 


The same technique was employed by Tyerman (13) to measure 


relative rates for addition of 0(°P) atoms to several 
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halogenated ethylenes, employing flash photolysis of NO. 
as a source of ground state oxygen atoms. 

The Arrhenius parameters for addition of Se (Pp) 
SLONicmLoma sol VesrOreOletans have been meastired by Callear 
and Tyerman (14), who used the flash photolysis of CSe,, 
aS a source of selenium atoms. The technique was to record 
the intensities of the olefin-selenide spectra. produced 
Mee Lashed elie tures, of CSe. and two olefins. Relative 


acct etonerares were Ehnen evaluated tor olefins xX and Y from 


the equation 


AS Garec<sionsinn’ 


Ky [X] nh 


where ho is the peak height in the presence of olefin Y 
alone and h is that due to the mixture. 

A similar technique has recently been employed by 
Connor, Greig and Strausz (15) to measure the rate constants 
iO Te (°P) atom addition to olefins. Te atoms were pro- 
duced by flash photolysis of dimethyltelluride which in 
the presence of an olefin gives rise to a band system due 
to the epitelluride. 

By means of competitive studies, Kryzanowski 
and ea eer ae (16) have measured the relative rates of 
reaction with olefins at room temperature of “cH, and *cH, 
produced respectively by the photolysis and mercury- 
photosensitization of ketene. One of the two competing 


olefins was always isobutene and the relative rates were 
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eveallarecdmerrometicevarlLatron in yield of a singlet product, 
dimethylcyclopropane. 
Relative addition rates to olefins of :CBr., 
were obtained in t-butyl alcohol solution by Skell and 
Garner (17) by measuring the yields of the corresponding 
dibromocyclopropanes produced from two olefins in competition. 
Closs and Coyle (18) have measured the relative 
Pesce Vie teceOtmCieleand  -Chbr with Oletings in, solutvon 
at -30°C. The carbenes were produced from the thermolysis 
of chloro- and bromo-diazomethane and were found to add 
stereospecifically across the double bond of the olefins 
to yield the corresponding cyclopropanes. Wherever two 
epimers were possible, these were formed in a 1:1 ratio. 
Tritium-labeled monofluorocarbene has been shown to react 
with olefins in a similar manner and the relative reac- 
tivities have been measured by Tang and Rowland (19). 


The photolysis of C at 3000A has been 


ae 
46 ance COM (20 netic ase 


reacts with ethylene by insertion into the double bond to 


Dos tulatcdsco yield. :C 


give allene and CO. From competitive studies between 
ethylene and another olefin, at different temperatures, 
Williamson and Bayes (21) have obtained the Arrhenius 
parameters for the reaction of C,0 with a series of olefins 
by measuring the allene yield in the presence of a second 
Olefin. 


Since the primary products of the addition reactions 
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of monovalent atoms and radicals with unsaturated compounds 
are themselves free radicals which undergo various secondary 
reactions, the final products are difficult to determine 
quantitatively. Thus relative addition rates for these 
monovalent species are usually determined by competition 
between the addition reaction and an abstraction reaction 
with a paraffin which may be present as a solvent. Such 

a technique has been employed by Szwarc and co-workers 


to obtain relative reactivities of CH and cr 


3’ &2Hs 3 
radicals with both aliphatic and aromatic unsaturates using 
iso-octane or 2,3-dimethylbutane as liquid solvent or 
gaseous diluent (22-29). As a source of methyl radicals 
Szwarc and co-workers used the pyrolysis of acetyl peroxide 
Which yields an equal number of CO, molecules as an internal 
monitor of CH, radicals. The photolysis of perfluoroazo- 


methane was employed as a source of CF, radicals. In the 


3 
Case Or tie methyl radical addition the ratio of the addi— 


EtonmratescOonstante tO that of the abstraction reaction is 














given by CH, CH, 
R is R 
Kaa _ oe x Oe Yee [Solvent] 
ae BCH [Olefin] 
R 
CO y 


where the subscripts X and Y represent yields in the absence 
and presence of the olefin respectively. Cvetanovic and 
Irwin (30) have determined the Arrhenius parameters for CH 


addition to olefins in the gas phase by allowing competition 
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between addition to the olefin and abstraction from iso- 
butane. The results are in good agreement with those of 
Feld™@and*Szwarc (26); 

By measuring the yields of final products, Tedder 
and Walton (31) have been able to determine Arrhenius 


DalLauievers "ror tie -acdarreron Of CCl radreals™to erther 


2 
carbon atom in some fluorinated ethylenes. 

Recently Cvetanovic and Doyle (32) have re- 
determined the relative rates of reaction of H atoms with 
olefins and found good agreement with previously measured 
values (33). H atoms were produced by Hg-photosensitization 
of Hy and relative reaction rates with olefins compared 


with ethylene were determined by measuring the yield of 


n-butane in the absence and presence of the second olefin. 


C) The Secondary Kinetic Isotope Effect 


When a deuterated or partially deuterated mole- 
cule is involved in a chemical equilibrium or a chemical 
reaction, the ratio of the corresponding equilibrium con- 
Stent. on rate constant to that of the non-deuterated 
analogue differs from unity. This deviation from unity 
2069) K/Kps or kK /ky is a manifestation of the isotope 
effect and in the latter case is known as the kinetic 
isotope effect. Prior to 1952 it was believed that an 


isotope effect only occurred in those reactions where 
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isotopic substitution was effected on the bond to be 
broken or formed in the reaction; such a case is now des- 
cribed as the primary isotope effect. 

Secondary isotope effects occur in reactions 
where no bonds to isotopic atoms are broken, and are 
divided into two classes, depending on the position of 
isotopic substitution relative to the reaction site. These 
two classes are defined by Halevi (34) as (a) "Secondary 
msetope eirectstotithertfixcst) kind !7yinewhich bonds to iso- 
topic atoms have undergone spatial reorientation and (b) 
"Secondary isotope effects of the = een kid’ in which 
no such reorientation takes place. 

Solvolysis eens account, for ithe Vast majority 
of secondary kinetic isotope effects which have been 
measured, the other reactions including thermal decomposi- 
tions, radical additions to olefins and Diels-Alder reac- 
tions. The first secondary effect of the first kind (a- 
effect) reported was by Streitweiser and Fahey (35) in 1957 
for an SN1l solvolysis reaction where the effect measured 
was k/kp =-ilel6éa Sance. then; thessecondary a-effects 
measured in numerous reactions show a remarkable constancy, 
averaging a 10«-0512% effect per a=-deuterium atom (36) 
for SN: solvolysis» reactions. Eififects of the second kind 
varyngreatiyadepending onwmoleculare@s TEuclure™ and esolvent 
effects, (37733) .6wAlleofethe solvolysusereactions® involve 


charged species and their isotope effects have usually 
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been explained in terms of currently accepted theories of 
substituent effects such as the inductive effect, conjuga- 
Pilon sayperconjugation, steric effects ,and hybridization. 

One of the earliest and strongest pieces of evidence that 
secondary Pascoe effects are related to the usual electronic 
substituent effects was Lewis and Coppinger's (39) demon- 
stration that the hyperconjugative retardation of solvolysis 
by deuterium is transmitted through an aromatic ring. 


Workung with methyl-paratolylcarbinyl chloride: 


- 
| ae 
+ — 
HC ica —) HC & + Cl 
H 


GH 
(es 3 3 


they showed that acetolysis at 50°C of the §-deuterated 
compound had an isotope effect of kL/Kp = 1.11, per deu- 
eee atom while deuteration at the para-methyl position 
resulted in the smaller but still substantial effect of 
k/kKy =)1,05)per deuterium atom. Similar effects of 
transmission from the para position of the benzene ring 
have been reported by Shiner and Verbanic (40). Effects 
of y-deuteration have also been reported (41). Some 
authors, on the other hand, such as Bartell (42) and 
Brown et al (43) believe that the secondary isotope effect 
is entirely due to non-bonded interactions and arises 
because. of the smaller steric requirements of the deu- 


terium atom compared with hydrogen. 
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While the precise cause of secondary effects 
is not fully understood, it is certain that they do originate 
from changes in force constants which in turn may be caused 
by hyperconjugative, anductives,,stericesandshybridizational 
effects. These electronic effects are themselves vibra- 
tional in origin and their different magnitudes in deuterated 
and normal molecules are due to the anharmonicity of the 
vibrations involving motion of the hydrogen atoms resulting 
in different average bond lengths and bond angles in the 
deuterated and normal molecules, as shown in the diagram 


below: 


Potential 
Energy 


mp 
C-H(D) distance 


A consequence of this is the greater Inductive Effect of 
C-D compared with C-H. 

The evidence from physical properties such as 
dipole moments, NMR and nuclear quadrupole coupling constants, 
molecular refraction and optical activity is consistent with 
the view that deuterium bonded to carbon is more electro- 


DOsitive, but. less polerizable, than protium (34). 







, . 
“a "i a . = 4 
, => Us : 7 
wectiead ob Wats Gott nPesioo, B fi Zi) tea at 


—= ¢ 


Det, “SBih 5 of oofdw eJvetenoy* aoe 


We , f | j > 2 ys Psry| selene F “ay 5 $e 


vfom Lea aria : 

ortdn pelle 
— ‘eenet hh ak 

py sath 


ret 


mm ‘@ oe =. - — 
° 
ae ee [ } —) a " 
. , 7 a 
Si Seay oi Mad). TRI reso od et oe Ia ia ac 7 
rn nim ra ms T- - y : i 





iq iodshidy aiarh ouaahive 


=) Se a sa : 
sf) >; ela © a> | 
; a es 

» 


16 


Since we are concerned here with the reaction of 
a sulfur atom'with ethylene, a reaction involving a small 
molecule and devoid of complications due to solvent 
effects or hyperconjugation eteq waitvienbestetorstickrtotthe 
formal framework of isotope effect theory and try to inter- 
pret the isotope effect in terms of the force constant 
changesuand. ithe (geometry! of) the transition state. (Thus, 
the secondary isotope effect is used as a probe to gain 
information about the transition state and therein lies 
its main usefulness. We shall therefore briefly review 
the formal theory and its application to simple gas phase 
reactions. 

The complete expression of Bigeleisen (44) is 


based on absolute reaction rate theory and is given as 








follows: 
SNe 7 
zi + 3] = AF, CF ay: + at 
| | U. (H) ale expt U. CD) an] ' exp{ *4U (H) } 
+ be ee F = 7 + ee Ge oF = 
ie _ Ky eee | U,"(D) [1 exp { U, (H) } exp { 3U, cD). 
Soe LS 2 — ~ woos 
Ky Kp 3N 6 ie [a exp ee ] exp{ AY 
| | UPC b yen woe re On| exp 3U. (0)g 
j=l J J J 
Oe and ines represent respectively the imaginary frequency 


along the reaction co-ordinate in the normal andsceuleraced 
molecules and their ratio gives the temperature independent 
factor. U; = hew,/kT, and the product in the numerator is 


over all of the 1° normal modes of the transitwvon state while 
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that in the denominator is over all the j normal modes in 
the reactants. The calculation of this equation requires 

a complete vibrational analysis of the reactants and transi- 
tion state. Schachtschneider has written a computer program 
which is used to calculate vibrational frequencies from 

a complete set of force constants, atomic masses and geometry 
of the molecule (45). Wolfsberg and Stern have modified 

the program to calculate the isotope effect directly, and 
have used it on a series of model reactions (46,47) in order 
to test the variation of the secondary isotope effect with 
small changes in force constants. Exact calculations have 
also been made by Seltzer and Mylonakis (15) for the thermal 
decompositions of three aralkyl azo compounds. The force 
fields chosen for the reactants were obtained from reported 
force constants of analogous groupings, while those for 

the transition states were constructed in such a way as to 
be consistent with detailed mechanisms suggested by previous 
work. In this way they were able to reproduce the experi- 
mentally measured isotope effects. Undoubtedly there are 
many ways in which the force field of the transition state 
could be altered which would lead to the same isotope 
effects, but the changes in force constants might not be 
internally self-consistent. Thus, the major contribution 

of Seltzer and Mylonakis was that they were able to show, 
byVeLSOLOpLCs subctatutzon Of=botn ‘thes leaving tgnoupeand yan 
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isotope effects the relative change in the H-C-X (where 

X is the leaving group or atom) bending force constant 

from reactant to transition state reflects the same change 

in the C-X stretching force constant. If numerical agree- 
ment between a calculated isotope effect and experiment 
does not constitute proof of the correctness of the model, 

Nevertheless, a model which yields an isotope effect in 

sharp disagreement with experiment can be excluded as being 

Piet Lepronabs lity unregl istic. 

Streitweiser et al (36) have simplified 
Bigeleison's isotope effect equation by applying the foil- 
lowing approximations: 

i) Deuterium substitution will change significantly 
only those frequencies primarily associated with 
the motion of the isotopically substituted hydrogen 
atoms. 

(ae) The C-H and C-D stretching and bending modes are of 
sufficiently high frequency that only the zero point 
energy differences need be considered. 

(i121) The ratio of, C-D frequencies to C-H frequencies is 
LY aS a 

(iv) The ratio Sa aye (= mo /m..*) equals unity. 


The resulting equation is 
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where Oe, and iat represent respectively the frequencies 
es 
in wave numbers of the bending and stretching modes of the 


C-H bonds in the nondeuterated reactant and transition 
state. This equation clearly interprets the secondary 
isotope effect as being mainly due to the difference in 
zero-point energy between the normal and deuterated mole- 
cules in the reactant and transition state. If the X-C-H 
bending frequencies increase in going from the reactant to 
Evansition state e.g. going from ap" to an" hybridization, 
ky will be greater than Ku i.e. an inverse isotope effect. 
Streitweiser (36) measured the secondary a-effect 
in the acetolysis of cyclopentyl tosylate-l-d obtaining a 
value of ky kp eto. ef anLie transi. Laon stale is*con— 
sidered to be a carbonium ion with the positively charged 
Carbon atom having = oh hybridization, then the frequency 
change w = a 330 cm + leading to a calculated value 


of k/Kp = 1.38. To account for the discrepancy between 
the observed and the calculated, Streitweiser proposed that 
the loose C-H wagging motion is impeded by the proximity 
of the leaving tosylate group. A frequency change of about 
300 cm + in going from’ reactant to transition, state would 
be consistent with the measured effect. 

Additions to double bonds result in a change 
GiehyYbridiZationein: Glther One’ OF two Carbon; avons 12oMm 
sp* to ate which should result in an inverse secondary 


a-isotope effect. The first evidence that this is so was 
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20 
provided by Denny and Tunkel (16) who compared the relative 


reactivity Of trans—-stilbene-d~ andthe parent trans- 


2 
stilbene towards a variety of reagents in solvents of 
varying polarity. The average value of kL /kp for seven 
such reactions was 0.88 + 0.02. KL /ky for epoxidation 
was 0.90. The constancy of the effect seems to bear out 
etreitweiser's suggestion;that it is due to the increased 
frequency of the out-of-plane CH bending mode as the mole- 
Cule leaves tne planar’ contiguracion. ~ Since Tt “2s ‘not 
known in all of these reactions whether the reagent is 
attacking one or both ends of the double bond in the rate 
determining step, it is not certain whether all of the 
10 - 15% acceleration should be referred to bending one 
or two C-D° bonds out of the’ nodal plane. 

Matsuoka and Szwarc (1/7) measured an inverse 
£PSO0cTOpe ertece Of” 1.09 *forsthne addition of “CH. >to 


=] 


styrene-1,1,2d, in isooctane solution. This value is very 


3 
much less than the value of 1.82 which would be predicted 
on Streitweiser's model and the authors conclude that the 
transition state resembles the reactant in that the C-H 
bonds are only slightly bent, and the new bond being formed 
perpendicular to the nodal plane is still long: “The 
quantitative conclusion is doubtful since’ a B-effect in 

the opposite direction would be expected in this molecule 


due to hyperconjugative stabilization of the newly forming 


radical. Similar considerations might apply to the small 
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rate enhancement (kL /kK yy = 1.08) observed by Takahasi and 


Cvetanovic (18) on the addition of hydrogen atoms to pro- 


pylene-d_ at 25°C. 


6 
Szwarc et al (19) also measured the secondary 


teocope eltecteror addition of both cr. and CH. radicais 


3 3 

to perdeuterated ethylene and propylene, obtaining a 
MeuemOoPnanoutieL. Os ).oOr KD/Kus His conclusion, again 
based on the Streitweiser model, was that the trigonal 
hybridization is hardly disturbed in the transition state 
andsene Incipient G-C O-=bond sis very Jong. 

Simons and Rabinowitch (20) measured a normal 
UsotopeseLiect of W007 ,ab125°Cuand 14209 pate—30°C efor eaddi- 
tion of singlet methylene to per-deuterated cis-2-butene. 

The secondary a-deuterium isotope effect was 
measured by Seltzer (21) for the Shia catalyzed isomeriza- 
tion of malei¢ acid -2,3-d, over the temperature range 
15 - 80°. Using the Streitweiser model, the net change 
in the C-H vibrational frequencies in going from the 
ground state has been evaluated and it appears as if the 
transition state lies a little more than half way between 
a trigonal and tetrahedral carbon atom. From the Arrhenius 
plot intercept a value of STARS = 41.00 20 .05° was cal= 
culated for the ratio of the imaginary frequencies along 
the reaction co-ordinate. Zavitsas and Seltzer determined 
the secondary a-deuterium effect for the unimolecular forma- 


ton od "CH and “CD. radicals from the cumyloxy radical 


— — 
reid A 


e a 





tS ; 
- oy 4) re | Pe al” te ¥ 
ead, teks aarp 


ne 
‘I 


a® 


bb. mest be. hive 
T+ 





ain : 
_ 





a 7 


sqoinad 















hie 


w) - C(CH,) (CD,)0: as a function of temperature (22). 

k/Ky varied espe ieee Oe COM leat yo CO. «From the 
temperature dependence of the effect it was concluded 

that the transition state is more akin to products than to 
the wreactant oxy radical i.e. the ae Coniiguratwvon is 
favoured in the transition state. A pre-exponential factor 


of 0.93 was found. 


The Present Investigation 


In the study of atomic reactions with alkenes 
and alkynes it is desirable, as a long term objective, 
to seek the following information in each case: (1) the 
type of products formed and their relative abundance, 
(2) the role played by the vibrationally excited products 
and their lifetimes, (3) the type of fragmentation or 
rearrangement of the hot products, (4) the existence or 
lack of “pressure-independent" rearrangement and fragmen- 
tation processes, (5) accurate relative rates for each 
series of substrates, and their temperature dependence, 
and (6) reasonably accurate absolute values of the rate 
COns Canus* 

It is the aim of the present investigation to 
extend the knowledge and understanding of ground state 
sulfur atoms within the above framework. Relative rates 


and Arrhenius parameters are measured for the addition 
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of s (7p) atoms to alkenes, alkynes and halogenated alkenes. 
It is expected that sulfur atoms, like the other Group VI 
atoms, should exhibit distinct electrophilic behaviour in 
their reactions as contrasted, for example, with the electro- 
neutral hydrogen atoms and methyl radicals. Systematic 
studies of reactions of atoms and radicals with unsaturated 
compounds in the gas phase may contribute significantly to 
the understanding of the factors determining rates of attack 
and the dependence of activation energy and A-factor on 
molecular structure. The results of the present study are 
compared with those of the additions of other atoms and 
radicals and also with molecular properties such as ioniza- 
tion potentials, localization energies, free valences and 
bond orders. Thus they should contribute to a better fun- 
damental understanding of the detailed reaction path and 
the intermediate complexes involved. 

TneOLrder: LO gain iturther information about the 
nature and structure of the transition state involved in 
the addition of s (7p) atoms to ethylene, the secondary 
deuterium isotope effect is measured for addition to 
ethylene-1,1-d 


7 Gis-ethylene-d trans-ethylene-d., and 


a 2h 2 


ethylene-d,. 
To determine the role played by the initially- 


formed “hot: products, the addition reactions VoL S(°P) 
atoms with ethylene and propylene are studied at low 


pressures and the lifetimes of the vibrationally excited 
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products are estimated. 
Relative rates and Arrhenius parameters are 
also measured for the abstractive reactions of s (7p) atoms 


with ethylene episulfide and propylene episulfide. 


24 






: — 
eels 
. basil tee a 


‘* 7 





CTA ey eae ait 


EXPERIMENTAL 
1) High-vacuum System 


A conventional high-vacuum system, constructed 
of pyrex tubing and evacuated to ee torr, was. used 
throughout the present investigation. Evacuation was 
achieved by means of a two-stage mercury diffusion pump 
backed by a Welch duoseal Model 1402 oil pump. ‘The 
system, which consisted of two distillation trains (one 
for purification of substrates, the other for separation 
of products), a photolytic assembly, a gas storage system 
end Teepter pump—gqas burette,/is illustrated in Fig. 1. 
in order to prevent loss of products by dissolution in 
stopcock grease, Delmar float valves, Hoke and Springham 
valves were used exclusively. Four conveniently located 
Pirani gauge tubes (Consolidated Vacuum Corporation 
Catalogue No. GP-001) were used to monitor gas pressures 
below one torr. The Pirani vacuum gauge (Type GP-140) 
Was Calibrated by means of a McLeod gauge. The G.L.C. 
inlet system was connected directly to both the gas 
burette and the distillation train, thus enabling the con- 
densible products to by-pass the Toepler pump and gas 


burette. 
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Zt) 
ZA) erPhnovoly tic Assembly 


The Hg-photosensitization runs were carried 
Cu waneaeclEciilating, system (rig. 2). ‘The quartz reaction 
cell which was 60 mm. in length and 50 mm. in diameter 
Was sealed to the rest of the system with quartz-to-pyrex 
graded seals. The circulating pump consisted of stainless 
Steel rotor blades mounted on a central shaft set in Rulon 
bearings. A cylindrical magnet mounted at right-angles to 
the shaft was driven externally by a magnetic motor. The 
mercury reservoir was heated to boiling from time to time 
to remove the surface film of HgS. 

For the direct photolysis runs a static system 
was used, the reaction vessel being a quartz cell 100 mn. 
in length and 50 mm. in diameter which was connected to 
a Hoke valve via a quartz-to-pyrex graded seal as shown in 
Fig. l. For the temperature studies the same quartz cell 
was placed in a hollowed-out cylindrical aluminum block 
furnace measuring 28 cm. an length, 12 cmm@ in external 
diameter and 54 cm. in internal diameter. The two open 
ends of the furnace were covered with quartz plates to 
peeveut Cooling Of Fine cell-face by aizecurrents.) “Sur-— 
rounding the aluminum block was a thick covering of glass 
wool insulating material. The furnace was heated by means 
OL two, 300 wat@chromalox pencil heaters, 20) cm. in 
Length, insertedvasially into the block’ Temperatures were 


measured with a mercury thermometer which was calibrated 
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against an iron-constantin thermocouple. 

The radiation sources were a Hanovia medium 
pressure mercury arc (Model 30620) and an OSram cadmium 
spectral lamp for the-drrect. photolysis runs, while a 
mercury resonance lamp was used for the mercury sensitiza- 
£100. slhnxvee Vicor 7910 filters, (2 mm. in thickness) 
provided a cut-off for the mercury lamps below 2290A SO 
that the effective radiation for the medium pressure mer- 
CUrvedarc I1neche BMOLOLYSis Of COS was limited to 2290- 
2550A With the most” Iintensemregion centered around 2490A 
(56). The effective emission of the mercury and cadmium 
resonance lamps were the broadened resonance lines centred 
at 2537A and 2288A respectively. 

Due to fluctuations in the intensity output of 
the lamps and sulfur deposition on the cell-face along 
with changes in the COS absorbtivity with temperature, 
the amount of conversion was measured by the yield of CO 


rather than by the actual exposure time. 


3) Analytical System 


Gas-ligquid chromatography was used for quantita- 
Elveranalysis, of the stable products andyalso [or the 
DULL ICdt1On On some Jor Ehe: SubStmate matemvals sane 
GL, Ceunit 1S Pullustrated in Fig, eo elneeGow-Mac ino 
wire detector Model TRIIB was powered by a Gow-Mac power 


supply Model 9999-C. The signals, produced by cooling of 
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a0 
the hot filament by the separated components of the injected 


sample, were fed into a Sargent Model S-72180 recorder 

which was operated at a chart speed of one inch per minute. 
The filament current was kept constant at 250 mA while 

the detector chamber was thermostated at 200°F. Hydrogen 
(Canadian Liquid Air Ltd.), which was used as carrier gas, 
was dried by passage through a column of Molecular Sieves 
13x. Its flow rate was measured on an open-end oil manometer 
which was calibrated against a bubble flowmeter. The spiral 
pyrex column (6 mm. in diameter) used for separating the 
products was enclosed in an insulated metal heating jacket. 

The technique for analyzing a mixture of products 
Will now be brierly described by referring to Fig. 3. 

A typical condensible sample was distilled 
through the open float valve into the sample loop A where 
it was frozen at -196°C. Non-condensible gases were pumped 
into the sample loop via the Toepler pump. After raising 
the mercury in the float valve and Toepler pump the loop 
Wasitilledg With, carrvier gas by rapidly opening and closing 
the cam-operated Hoke valve B. The sample was then allowed 
to warm up by surrounding the sample with a water bath at 
50°C, following which valves B and D were opened and C 
closed thus changing the carrier gas flow from BCD to 
BAD and sweeping the gaseous sample onto the column. 
Individual products could be trapped quantitatively by 


turning the four-way stopcocks to direct the flow through 






i¢ : 
ri 
* i i j ¢ aa. Th eh 
i 
7 a 
a fir} S54 > _ ma) 
: : b.26 , aa cam 
i ia. -9Y¥ ar eg 
4 gO. 
I ‘ LUE Cran 
: cy 


da oank 


oI2sm 9 ,- 

















: . i ' WO eahs 2 odd 
- : . . 4 yn i f “Shh man sw wv oh 


i 





2 G28 mort walt enp agiysap ead — pda £ 

a ( a _ 
muitos cee Hi bees ouniraee ot wa 
atl. a an 











B2 
the detachable traps E, F and G which were immersed in 
liquid nitrogen at -196°C, as soon as the recorder pen 
indi ceteavtne elution’of "a specific?product. “The traps; 
following evacuation of the hydrogen, could then be 
removed for further analysis. In the case of substrate 
purification the pure compound was frozen down in the 
cold finger in Trap E and then transferred to the reaction 
system. 

The column packings, lengths, operating conditions 
and retention times are given in Table II. The peak areas 
recorded on the chart paper were measured with an Ott 
Planimeter. Each compound was calibrated for detector 
response by measuring out samples in the gas burette and 
plotting the number of micro-moles against the correspond- 
ing peak areas~recorded. For samples from 0.5 - 5.0 umoles, 
in which rangé the products occurred, the relationship 


was linear. 


4) Operating Procedures 


All experiments were carried out in the gas 
phase. Gas pressures were measured on a mercury manometer 
whilé they occupied the reaction cell, coil trap and 
manometer arm. After the measurement, which was carried 
out Visually or) im, the caseyvoresubstrate™ pressures below 


30 torr, with the @1dfo0f va cathetometex (Criitaniand 
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35 
George Ltd., No. 3416) the Hoke valve connected to the 
cell was closed leaving the measured pressure of gas in 
the cell. The cell was then evacuated and each component 
of the reaction mixture was measured in the same way, 
following which the whole mixture was then distilled back 
into the cell throughuthe corlftrape (Fig stl), which ‘was 
in a slush bath at -23°C whenever it was desired to keep 
mercury from the cell. The reactants, which were usually 
alaarpressure: of over 1,000 torr, were allowed to equili- 
brate for at least a few hours and if possible overnight. 
The lamp was operated for about an hour before irradiation. 
Periodically, to remove deposited sulfur, the cell-face 
was flamed with the oxygen torch while the cell was filled 
with air. From time to time, more frequently with the Hg- 
photosensitization-runs, the cell was cut off, rinsed 
Whehedilucesnr andybaked at |\200°C. 

After irradiation the cell contents were frozen 
in the cold finger and the non-condensible gas, carbon 
monoxide, was transferred through a series of spiral traps 
at -196°C to the gas burette via the Toepler pump. The 
complete mixture was warmed and frozen from trap to trap 
to ensure removal of all of the CO. Whenever ethylene 
was present the CO was passed through a solid nitrogen 
trap: (=212°C)) which Tetainéed ‘the ethylene. All the 
condensibles were then frozen over the large surface 


volume in. the coldyfinger A in order to facilitate 











, i. os Reese Maker ro aa 


rae ee : J SLSSSSIC ‘oe en 0 


ad yaa 
' * le 
oe 
BO had ew a gl tenis: ee 
1 ao 
Cre ae ic 92? yrose 
- ; 
rue 
id j (3\°s 
) 
; 4 
; Ja 4 if 
aoa ‘7 
- F ‘ } 
L 
1 ) 
mi 
bso 


i+? Od: Wisxs Ions I7 DS DenTes eau ese <i OI5 qmoo 
- - 7 x - 





ore 4 c* 4 ; Te Cal 64 «OI SE J a) Ets 20 on ions, be 










“Wierrin.bilos « Spree braesic as His ep ut. 
“oe _ 









~ «4 4 7 o~ — 


ans Lif. popslgis ye 
aL) a - 
ope. - u et 


i she a 
— vt 












me 
MALE af 


é) 
of Sere 
— 
7 


acc 


36 


CLetia latioem of the: solid CO. by providing thermal contact 
with the walls. From this cold finger the reactants were 
then distilled at appropriate low temperatures, as indicated 
Die leblemwlim, sLirougi thevtriple vertical spiral trap Bi and 
the double spiral C at the same low temperatures and back 
into the cell cold jfingesr fer further-photolysis,. The 


products which were retained in the traps A, B and C were 


then thawed and frozen into the G.L.C. sampler for analysis. 


5) Materials 


The materials used, along with their source and 
Methodol purigication, are given in Table IV. All com- 


pounds used in the gas phase were degassed at -196°C. 


6) Further Analysis 


Samples, separated and collected on the G.L.C. 
unit, were subjected to mass spectrometric analysis on 
Associated Electrical Industries Model MS2 and MS9 instru- 
ments. Mixtures of deuterated and non-deuterated ethylene- 
episulfide were analyzed quantitatively on an Associated 
Electronics MS10 mass spectrometer. Unstable short-lived 
products, whose formation had not previously been known, 
were detected on a flash photolysis - kinetic mass spectro- 


metry unit.) This instrument has been described elsewhere (57). 
























4yn3hen Lares wifeh Loo apd! 29 
o1sW BIaedoney Bi! iontit Sieg obey annie 
HOtenibul es ,setveewmdiss wos ssa Laquayqh ta bow tit 
on6 6 gees isn iee tnoidsay al 1i7o ‘ert dogo srg ATL older * 
€ soy an ae702e qa sits “082 S¥ic'ac |) letigs alice we 
2 iociny hm ce tenn t bles Lies ent osal 

> fig : ans nheseh qvew doidw esoybomg 

‘Aets: Wik. eels _Jed.0 BHD GFA! sesen? Bune Bowsas tos 





aA 
an 
alsiztotem «2 
2 t f ae elSringan och 
: = 
Sova | kp sig netted hisug 3 betsem 
42u(iq a5p-. aif nai beep bau 
AM 
as 27 S717,! Lada tog (a 
7 La i 
72 
; "4 cy)..! 7 Fil i THRU HO4e ,= ‘olome2 - ; _ 
: : - > fi 
3 q Tt Taaics 7 fe Lo Set a3 } aig ~ sfdos 7roW ‘ diag a 
: : 
q ] ‘ 1 Dt 


. a 

‘ “ir Soo “Siuseconh toliticel” beta isosen) Je 
3 + i 

. ; ; ; i i 

“SAOLGSS besnicsaoh-con bin batgaagpsh. 2o SSivgxiM »,e@Inea- | 


BeIqie0eet 25-56 yh jolt iineup Beryisas stew’ abit 
9 Newatmraoat Sigetens .adeiteuseega eenm Of aM ep 
+ shoes eo sean aoe seal 





Sf 


SUB TTS—OTONTJTAA¥-TAUTA 
ouetTpeyngd-¢'T 
sueTAuze-oO70NTIJIp-7Z‘/ T-suelzy 
suedoird-o1z0nT5-Z 
susdord-oltonT J TtA7A4-€ 
sueTAu7e-o1ONTFeAROL 
sueTAqo0e-TAUIOW 
ausTAAZooV 

suet, Adoig 

SptXotp uoqzedD 

eptzgtns TAuogqze) 


sousTAung 


Ne eee ee a a 


esuedoid-oltoTyo-z peel 
suedord-o2t0Tyo-Z Bets 
sue jqued-u Ors 
sue qued-u Ces 
suequed—-u Orel = 
eptzozTyo-TAuagd 6ha— 
SptzoT yo-TAURT | 6e= = 
eptzroTyo-TAuAA Geel — 
eptrzoTyo-TAUAT oS ioe 
eptzoT yo-TAurg Cet 
eptzroTyoO-TAyIAg eels 
sue jzUSedOStI voT= 
| (D0) 
yqeq-usnts oanjze rzsdus I, 


punoduogd 


DSN, ee 


ALLL LATE LA LTT LAL LL NTL TTA A SE 


a 


SHCIFVINSIdH ONIGNOdSHYYOOD WOU SLNVLOVEY YOd SHANLVEEMWGEL NOLTLVTITLSIC 


be we Pe 











= — 
= 


Stet (Sg Ge7 
'e@@rrmisaoS irs 


eoaszeine <(y52 


= “ ~~ _ 
- . a 253i I 3 
5 
‘ an2yoliis- +45 
i ers 2G igi —, 


~. 


Sraootc-orb i no-T 


aiggetsqet 


(37) 





eqs. 


sueTAyWeoAOTYOTAL/eor Aad 8L- aueT AYze-O10TUOTp-z’‘ T-suels 
sueTAyZeoIOT YO TAL/eol Aad SL- sueTAyz9e-TAYyAewerWeL 
esusTAUZSOAOTYOTAL L3- sueTAqeoe TAURZSWTC 
susTAUASOAOTYUOTIAL L3- auseyzuedoTDAD 
suequedT AyZowtaq—-p'7'Z LO t= [T-sueqnq-ozontzyequed-p' 7" y7-E'€ 
suequedTAuzewt4z4-7'z‘Z LOT- susdoird-TAyuASswoAON TJ T13-Z 
ouejusedTAuzeutiz4-p’z'Z LOT- suet Aujze-TAUASUTAL 
suequed [AuzoUTI4-p!2'Z EO be Susznqost 
SsuedoTOTUO-—Z ore epTzrOTYyoO-TAUTA 
suedord-olto0T uo-Z Ltt sueTAu7e-OLONTIJTP-7Z’ T-Sto 
rr a 
(Do) 
yzeq-usnts oinqjersedusy punodwo) 


a eee 
SSS ene e eee eee ee eee eee eee ee eee eee eee eS SS SS 


(penutTjuoo) III aATAavL 


2 
RS SRN, > — = 
en Ss 





39 


Oe 
MY Qzo0sez3zTN 08/09 





uo oReTeuzudTAoepost (Sue 2a pue STO 70 yoreassy sueTAuye 
Formas OT (O°) OANFXTW) Teodotuyosyz ‘woud AeTNsuTUseg -OITONTFIp-z‘ T-suelzy 
3S ° 66< 
DoLOT- Fe PeTTTIstp epetD Yyoreosoy sdtT.ttud suetTpeqnd-¢e'T 
SUON DeLs lIaeOm ied vy aaleeee aa, aueqZUedoTOAD 
SUON Pots tite. “Ta v aE Gla eueTAujg-TAyjouerzqeL 
TIsd pue 
Joei=— oe pot Lisip qusbesy ueUseTOD ‘uUOoSSUTeH suet Auzgd-TAYuAOUTAL 
3G °66< 
JeLOT— ae -DetTItIstp eapeiyg yorzesssy sdt{[ttud SusyANdOostT 
3S° 66< 
DeOET-— 32 POETITISTp epetiy yoresssy sdt[t[tud sueTAdorg 
35° 66< 
Oo09T- 42 PETTTIsStp eperb yoressey sdtTttud oueT Au 
uUOTReOTF TANG Ajztang pue eperzy S0ano0s Tetz97 ew 





OOOO 


GuSN STVWIdaLvw 


ALI ATaVL 









RIA SETAM 


———————-. ' 


' ama 





SO a Peay — meta 
A SN 





:- goSGq323 5174 yvilied Ima shaw soxced 


= A ———es (Ete ee a a 


_ ““3*061- g6 Geillizess abets dotenees equ iiine . 


— = - 











—ee Dels ida: hard. > wesesh ssi ll £asG 


} 
‘ 


46 Balltyeis phos de zmiess sitet 


D°8t= @¢ bellideib ares 


i \ 


et" 
=F 2 5 - . t 121 < 
aS °egeier PRet ic 7 2 z 


40 


Ded) Be Soe en wae 
-(AYJeWTD “Az 07 “OS 
Jolt oe Bellies 


Jo0ate Sue Tor NS 
-(Aujzeutp =o." 07. “orb 
Deh Jee peTT PIS tp 


OeGh 8 [eS BOTTTS AATA 
— EI oeeeopoul $94 yo. sob 
+ Oebli= 42 PeTl taste 


00 
ae) (201) euepor TNs 
-TAYFSUTP “35 OF °O°5 
SelcOt- 2e> BOTT tS ep 


YoLTT- 42 PSTTT+sSTp 
OoOET- FP PSTITTIASTpP 


zeqqnz wns 
SUOOM SES #5 “Ucn 


Oo0 Fe 

MY GtOSsezITN 08/09 
uo ajeTeuqydTAdDepost 
a ee cap OFS 


uoTRIeOTF Tang 


Teotuyosy 
(30G6%) TeotTuyosy 


($86) RUSebesy 


Rusebesay 
(366) ~SPpe2) =d°D 


pe ztqryur 


(306) RZUSbhesy 


(SUPT DUCES ToOsst 0 


SAIN7X Tw) Teotuypoy, 


A3ztang pue apelry 


zeTnsutusd 


TeTnNsutuscd 


TeotwsyD eorET_ 


zeqTnsutusg 
uoSssureHn 
ZTe[nsutueg 


TTed pue 
UueUSTOD ‘/UOSSUIeW 


yoreesoy 
"wsuD AeTNsuTusg 


Ssoanos 


SUueTTS 
-OZONTFT14-TAUTA 


T-suse Ang 
oronTyequed-y7/7/p7-E'€ 


suedoid 
-OTONTITAA-E' EVE 


ouedoid 
—-TAYyZSeworONTFTAA-Z 


SpTzoT YD TAUTA 
oueT Ayuze-oO1AONTFeAAOL 


suseT Aus 
-O1TOTUOTP-7Z’ T-SuelrzL 


susT Aus 
-OAONTITP-Z“ T-StD 


TetzezeW 





(PSENnuUIgUOD), A Wrawd 


yy ee 


is 


= 


7 cho 
GOUai Lé ae = 7 


a 





41 


Deol 4e 


SUON 


SUON 


PETTT4Stp 


o6€T- 3e pessebep 


Rusbesy 


(366°66) 7UuSbesy 


TS}eEM 
JO 90e13 [TTeus 


oOtTuehio ueuqjseg 


Teustd 


(€) poerzederg 


owyoqd 


ayzeuogqrzes suseTAuig 


NOS 


eptyTnstdse-susT Ayqg 





39009T- 328 PeTTTIsStTp jUuebesy pue dzeus ‘yor9W Cp-sua TAUT oor 
Suyod 
Do0GtT— 22 peTriastp qusebesy pue daeus ‘yor Cy_oueT Auje-suesr3 
owyod 
De09T- 22 PeTTTIstp qusebesy pue dzeys ‘yoreW Co -20S | ieee 
Sswyod 
TeO9T ee POT TIastp quabeoy pue dzeyg ‘yoreW Vp-oueTAyag 
SeOl—-= 12 PST] iter (366) Juebeoy “qeqy ‘soy ueyoreg sueTAjze0e TAY ZeUtTd 
Deh lia a eePe Lt astp (£6) TeotuyosL uoseyuz en sueTAqeoe TAYIOW 
Jette De TLios Llp SUOLOOR. PpoeuTeaucD uossUuzeN sue TAyooyv 
eee ee Ue CO. LuS 
—(AUJOUTD “32 O07 -o°S 
Pel Fe potErastp TeotuyoaL eTquUNTOD susdord-oro0n{TZ-Z 
(O19 m meh cro m meta nem 9 Ye) Aytang pue sepexrzy SDiInesS TetrzsjzeEW 





(penuTjuOD) AI F1TawL 





4 oe ener 


pel 2a Saf Pys=ie 


7 
Sraiei~ 26 bsitis 


‘0 


26 


SNGISss HeAc S205 


($98) ieviatys! 


(eeC) anode oF 


re qiass 
ie) 
o_ 
3% egS>) 5 eee 
> 2 Oty ‘ = 
ba ee 


_ 


ry 


nie to 


foeecsA 


poate 


tatwi‘t 


es Sess 





42 


SUON Ayting UbtTH Ooty SPpTXOTp uoqzed 


xo VST = aig 
Pesseded “Ds0ft= 22 
PSTTT4Stp pue ‘psetap 





‘HORN JO UOTANTOS 
*qes ybnozuy petTqaqng oon pouteqzuos uoSseuzeH eptytns TAuocgqze) 
UO Footy Ting Aytang pue sepery adano0s Tetzs7eW 


(penuTjZUuoo) AI AIaVL 








43 
CHAPTERIIII 


RELATIVE RATES AND ARRHENIUS PARAMETERS FOR THE 


ADDITION OF S(°P) ATOMS TO OLEFINIC AND ACETYLENIC BONDS 


Rate constants, Arrhenius pre-exponential factors 
and activation energies were measured for the addition of 
s (7p) atoms to a series of alkenes, alkynes ane) substituted 
alkenes relative to an arbitrary rate constant and 


pre-exponential factor of 1.0 for the addition to ethylene. 


A) Relative Rates 


The relative rate of addition for a given sub- 
strate was measured by competition between it and another 
substrate (whose relative addition rate was known) for 
s (7p) atoms produced in situ. The relative yields of the 
episulfides, which are the only reaction products in this 
system could then be taken as a measure of the relative 
reactivity of these substrates towards ground state sulfur 
atoms. Substrate pairs having similar vapour pressures 
were chosen so that the episulfides could be recovered by 
low temperature distillation of the reactants. Wherever 
feasible, the reactant concentrations were fixed such that 
equimolar amounts of episulfides were produced. In some 
cases a relative rate was cross-checked by competition with 


a Gifferent reactant partner whose relative rate had been 
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a i bargvozer gd ULue blI Lo ehqe sf » Sats 
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previously measured. Invariably, both measured rates were 
identical within experimental error. 

In those cases where one of the two competing 
substrates produced an unstable adduct with s(°p) atoms 
its relative rate was determined by gradually increasing 
the relative concentration of that substrate and measuring 
the consequent decrease in yield of the stable episulfide. 

The s (7p) atoms were produced by two methods: 

(1) electronic deactivation of s(tp) atoms produced by 
DHotelySsismos COSMand 2(ia))s Ho-photoseénsretization lof Cos. 
For the photolysis system the following scheme can be 


WrEtten: 


CoS + hy BrCco Us S Cp} [1] 
a 
S(—"D) + Cos eC 5 | [2] 
if 3 * 
S@iD ees CO; = STG ase [3] 
s(3p) + Al > &E [4] 
ul 1 
S(°P) + Al ig [5] 
2 2 
s(?p) + Ss (7p) +M > So + m* [6] 
s(°p) + cos + S$, + CO [7] 
s(3p) +E Reha e ays [8] 
1 al 2 
3 
Bae acct, Aleta [9] 


where Al, and Al, are the reacting substrates (alkene or 


alkyne) and Ey and E, the respective episulfides. 
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It has been demonstrated (6) that when the CO. 
to ethylene ratio is sufficiently large in the system no 
mercaptan is formed; thus, all s (+p) atoms are deactivated 
to S(°p) ane f2eaction (2Zie@i1se ediminatedrsince s(tp) atoms 
react somewhat faster with ethylene than with COS (59). 
Reaction [6] is of very minor importance and can be 
neglected in low-intensity photolysis. Since the yield of 
episulfide relative to the CO produced is nrouenced by a 
drastic increase in the COS to ethylene ratio, in the 


presence of a large excess of CO Te as Clear that 


Ded 
reaction [7] is very slow. The secondary reactions [8] 
and [9] can be essentially eliminated by using fairly high 


reactant concentrations and low conversions, since under 


these conditions the rate of production of episulfides 
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remains constant. The scheme therefore reduces to reactions 


Py ist, 14) and [5]. 
In the Hg-photosensitization system, the first 
three reactions in the above scheme are replaced by the 


following two: 
wl 3 
Hg ( So) hin vis) tee Hoi P,) 
Hg (PP,) + cos(*r*) + Hg(*s,) + dope bee ute 


The ratio, ot the: rate, Constanta come eie, e0d uric 


reactions can then be calculated from the simple relation 





k gaeeR GED [Al2] 5 
ks R [Al}] 


ry ey eee hk 
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where R(E,) and R(E,) are the rates of formation of the 


episulfides. 


In the case where Al, forms an unstable sulfide, 


Tec wrelativeradcai1tLon, tate is Obtained from the relation 


KS A [A171] 


where Ao = yield of E, per umole CO in the absence of Al,, 
assuming complete scavenging of s (7p) atoms by Al, 


and A = yield of Ey per umole CO with Al, present in the 


i 
system. (Chromatographic Peak Area/uCO) 

For Equation I the yields of each episulfide 
were plotted against the CO yields, since the lamp intensity 
was not always constant, yielding two straight lines through 
the origin. The ratio of the slopes of these lines was 
equal to R(E,) /R(E5). PoGpenquation 1f, the concentration 
of Al, was increased gradually and a plot was made of 
aoc versus [Al,]/{Al,] yielding a straight line through 
the origin. The slope of this line, obtained by least mean 
squares treatment of the points, gave ae With some react- 
ants, at longer conversions, the plot of episulfide against 
CO yields gave a curve with decreasing slope indicating 
removal of episulfide by secondary reactions. Thus 
R(E,)/R(E,) Was ap function of CO yield sor st me) PF angethe 
ratio was therefore extrapolated to zero conversion. 


A medium pressure mercury arc was used for all 


the photolysis runs. In order to decrease the possibility 
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of secondary ener of vsultivdes three vycor 7910 
filters were employed to cut off light below about 2200A. 
The reaction products could be recovered and 
measured with a precision generally in the range +10%. 
Due to Aaa en He of the points, the precision in the 
relative rate constants was somewhat better than this. 
then rates Wot taddstionqof s(?p) atoms Lo the 
following compounds relative to ethylene were studied: 
propylene, isobutylene, trimethylethylene, tetramethyl- 
ethylene, 1,3-butadiene, 2-trifluoromethyl-propene, 
2-fluoropropene, Ee) aeons ote butens. im acetylene, 
methylacetylene, dimethylacetylene, vinyl-trifluorosilane 


ana thans-172-dichloroethylene. 


Ethylene - Propylene System 


In this system the validity of the method 
was tested by varying the amount of conversion and 
Shangrmicptacmuclauive concentrations of thegreactants. 

s (7p) atoms were produced by the Hg-photosensitization 
of COS. Relative rates were measured using three different 
gas mixtures: 
(ayy SMixtumeryconsistedsor S00 torr COS, 3000) torre. 
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alde2 01,0 teria CHE. Product yields are given in Table V 
as a function of exposure time. Episulfides are plotted 
asa function ob G@ yield in Fig. 4a, wheregit is seen 


that propylene episulfide is being consumed in a secondary 
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ay 
reaction, while the decrease in ethylene episulfide is 


hardly noticeable. The % yield in terms of CO decreases 

with exposure time so that the propylene episulfide being 
consumed is not yielding ethylene episulfide. In Fig. 4b 
the relative rate is extrapolated to zero conversion and 

a least mean squares treatment of the line gives 


SU ae Seo eevee ow tere ine sie theoretically 
not a straight line but one whose curvature will depend 

on the relative reactant concentrations, the data are not 
sufficiently accurate to draw the curve and a least mean 
squares line will be a reasonably good approximation and 

will allow for consistency in the three mixtures. 

(pee ineemixcture consisted Of 640 torr COS, 37.5 torr CoH, 
endmileaGetOorl Cane sO) tiat the ratio or ethylene to propylene 


BG 
Was now 2ppLOximately 9.0 COMmpareda with L.S in “mixture ™~ a)’: 
Product yields’ are given in Table VI. Again the % yield of 
episulfide decreases with exposure time with the propylene 
episulfide being consumed more rapidly than the ethylene 
episulfide as shown in Fig. 5a. The extrapolation of the 


Telatrive face to zero COvyield, Shown in Fig. Sb leads to 


k /k 
CHE C,H, 
a slope approximately the same as in Fig. 4b. 


= 7.88 with the least mean squares line having 


(c) Here, the ratio of ethylene to propylene was increased 
torabour. 6 “com Lewitt “ther mrxCure cone Stang One Coir 
COS reas .0 "COL CoH, arc | 7 seer CHE. Product yields are 


given in Table VII where again the decrease in % yield 


WithwexpOSULG ulmMe as Obvious. In this mixture the yields 
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of both episulfides were about the same and, as can be 
seen in Fig. 6a, the secondary depletion of CoH,S is 
much more pronounced than previously. The least mean 


Squeres ploc or the rate constant ratio against CO yield, 


shown in Fig. 6b, gives an intercept for k 
Cris, Wein 


The slope of the line, though much less than those from 
mixtures (a) and (b) is still negative indicating greater 
depletion of C3H¢s than Of CjH,S. 


Taking the average of the three relative rate 


values above we then have k(S + C3H_) /k(S aa Ge I = 6.8. 


2 4) 


Isobutene - Propylene System 


As a result of the previous experiments it was 
decided to keep the amount of conversion as low as possible. 
s (7p) atoms were produced in this system by Hg-photosensitization 
OL COsny eLne mixture consisted of 605; torr COS, 71.4 torr 
CH. and=10.4 torr Cale. Product yields are shown in 
Table VIII and plotted in Fig. 7. At these low conversions, 
removal of episulfides by secondary reactions does not 
occur and the ratio of the episulfides is independent of 
the CO %yaetd. Thegratio of the slopes 16 1.15 givingga 


value of k(S + CyH,) /k(S + Cc = 7.9, in good agreement 


a 
with the value of 7.2 measured in the COS/CO., photolysis 
system, where the ratio of propylene to isobutylene was 


12455060). Hineretore, «(S .+ C,H) /k(S + CoHy) = 7.9 x~ 6.8 = 54. 
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Trimethylethylene - Isobutylene System 


Hg-photosensitization of COS was carried out 
Lie nCUTemcCOnstating Of 561 shorr COS, 27.0 torr 
C,H, and 11.0 torr CpHig-: Product yields are given in 
Table IX. Conversions were kept below 3 umoles of CO 
and it is seen that the % yield is roughly constant within 
tiiserange.) The straight line plots in Fig. 8 indicate no 
depletion of episulfides. It would seem likely that those 
olefins, having a higher reactivity with s (7p) atoms, 
prevent the removal of episulfides and that the mode of 
episulfide depletion is, therefore, via reaction with 
sulfur atoms. Also the % yield is somewhat higher in 
this system than in the previous two indicating the pos- 
Srbtincy OL Some, abstraction from COS by s (7p) atoms in 


the presence of less reactive olefins. From the ratio of 


the tslopes injPig. 8, RC eH ad 3C 1H = 1.63. Therefore 


KS teat 0) 


agen eqp) = 54 x 263 = 40 o% 


fetramethylethy lene = Trimethy lethylenesSystem 


The s (7p) atoms were produced in this system 
bys phetoly zing COS and deactivating the s (7p) atoms to 


the ground state with a large concentration of CO,. rhe 


Wi eCUre: COnSuUStead LO me Sab. Us bOrin COS ait oe scOrryGae anid 20.2 


2 


LOce CoH) >: It was found that at the temperature required 
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66 
for distillation of tetramethyethylene, the trimethylethylene- 
episulfide could not be recovered quantitatively so the 
relative rate was determined by measuring the decreased 
yield of tetramethylethylene episulfide resulting from an 
increase in the relative concentration of trimethylethylene. 
Table X shows the CoH, 5S yieldmasma 1UnCct1lon Of the ratio 
(CoH, ]/1CgH, 5 ]- Mais) cati1o ws plotted against ab eV eS an) 
BLG. eo oOlving a Styaiont Jane through the origin. The 
slope of this line, determined by least mean squares treat- 


ment of the points including the origin, equalled 


0.67 + .06. Thus k Jk = I0U67 22.0205 and 
Simla Ge 


k(S. + CoH) 5) /K(S + CoH,) = soe 270.078 131. 


ije-Bubediene — Tsobutene system 


Agave on if s (7p) atoms to butadiene gives 
vinylthiacyclopropane as the main product (60). However 
Since this product polimerizes rapidly with other olefins, 
its yield is strongly dependent on olefin pressure and 
cannot be taken as a measure of sulfur atom addition to 
butadiene. The relative rate for this compound was there- 
fore measured by observing the decrease in isobutene- 
episulfide yield upon addition of butadiene to a mixture 
OL 604 tor, C@S ance 1078 torr 1s0butene., satakimogan 
average of the three runs shown in Table XI one obtains 


x = 1.43. Therefore, 


/k 
CyHe CyHe 


k(S) 4 CAH) /k(S a CoHy) = 430s 4) = 7y. 
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2-Trifluoromethylpropene - Propene System 


Since Eheeaddt tion reactions of Sulfur atoms with 
2-trifluoromethylpropene had not previously been studied, 


eamuxture wor 500 torr COS and 50 torr CF, (CH,)C = CH. was 


2 
Ho-photosensitized iresulting in one major product. Its 

mass spectrum, which is given in the appendix, indicated a 
molecular weight of 142 so it was taken to be the episulfide 
Since there are no s (tp) atoms in the system to produce 
mercaptans. A mixture was then made up consisting of 511 
Lory cos, LOS recor C3He SLES OPS! ALOR Mee ays C,PHe. The product 
yields from the Hg-photosensitization of this mixture are 
Shown in Table XII. The episulfides are plotted against 

CO yield in Fig. 10. The ratio of the slopes, determined 

by least mean squares treatment of the data, is 0.36. 


bhusty, kK = 70. Liogivaing 


/k 
CyPHe C3H_ 


RSet) Gok Hs) /k(S + CAH 


2-Fluoropropene - Ethylene System 


The reactions of sulfur atoms with 2-fluoropropene 
had not previously been studied; therefore a mixture of 
SUCMRO bis Guo anda scOrr CFH. 


resulting product was shown by its mass spectrum, which 


was Hg-sensitized. The only 


is) given in the appendix, to have a moteculaniweiguc, of 992 
and was therefore taken to be the episulfide. 


Hg-photosensitization was then carried out on a mixture 
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Stee COMmnCOS 2 oe5. torr CoH, ahpvely AST Ake 4 Xo p ah w C,FH,. The 
Product yielcsmare shown in Table XIII and plotted in Fig. ll. 
The ratio of the slopes obtained by least mean squares 
treatrent of the data is 1.45 leading to 


kK (Sit C,FH,) /k(S SE CoH = 2.60 


ad 


3,3-4,4,4-Pentafluoro-l-butene - 2-Fluoropropene System 


Sinecepthe addition of sulfur atoms to 3,3-4,4,4- 
pentafluoro-l-butene had not previously been investigated, 
Hg-photosensitization was carried out on a mixture of 500 
POtCCreOomand, 50 “Corr CyFcoH3. The mass spectrum of the 
only resulting product is shown in the appendix. Due to 
the strong parent peak at m/e = 178 and an appropriate 
cracking pattern, this compound was taken to be the epi- 
sulfide. Table XIV and XV respectively show the product 
yields obtained by Hg-sensitization of two separate mix- 
Cures, Chew mst One; CONSistang Of 549 torrecOS, 98.0 torr 
Cr HeeanOeo. Om ee. FH. and the second consisting of, 550 


4°53 oy Pas) 
EOmiG@Us moe A mCOrn Chitin. (and) 4.6 (torn Co FH Pin Doth cases 


Ate sees 3 4b 
the yield decreases with increasing CO yield. The rela- 
tive rate was therefore extrapolated to zero CO yield. A 
least mean squares treatment of the points shown in Fig. 12 
gives a line with a slope of 0.002 and an intercept of 
02056. (This treatment always assumes that the abscissae 


are wcorrect andethe G@rror is in the ordinates. } From the 


extrapolated relative rate we have then 
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3,3-4,4,4-Pentafluoro-l-butene - Propene System 


As a check on the relative rate for 3,3-4,4,4- 
pentafluoro-l-butene, Hg-photosensitization was carried 


CUCEOnmamm xr me Om O40 Horm COS, &.70 torr C.H. and 70.8 


Sh) 
EOrr C,P.H3. The yields from the two runs are shown in 
TapLewvi. olice tworpoints are insuffacient for an extra- 


polation to zero CO yield, the relative rate is taken from 
the vratvo or gehe islopes an Fig. 137, giving 


k(S + CyFeH) /k(S + C3H,) = 0.015. Therefore, 


k(S + C,FH,) /K(S + CoH) 


agreement with the previously measured value of 0.094, thus 


=A ote Oe oe aoe, sin excellent 


confirming the relative rates for both propylene and 


2-fluoropropylene. 


Acetylene - Ethylene System 


Since the addition of sulfur atoms to acetylenes 
produces the corresponding unstable thiirenes (9), 
relative rates for these additions could only be measured 
by observing the decrease in episulfide yield from a second 
reactant upon adding increasing amounts of the alkyne. As 
shown in Table XVII the concentration of acetylene was 
Gradually increaseupun, aj Mixture OL) Ol. storms lOc, as, 330 


£0 nor COnsand=2 0s Siiemrs OL Hes (A.-A)/A is plotted against 


2 24 
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[CoH]/(C.H,] ineeig. 14) giving a reasonably good straight 
line. Least mean squares treatment of the points including 
ENe Origin gives a Slope of 0135 2 0.04. Therefore 

hye Ves CoH) /k(S + C5H,) STO RSO. 
If, because™%of the fairly low ethylene concentration, 
secondary reactions such as the reaction of eyeP) atoms 
with ethylene episulfide are important in this system, the 
true relative rate for acetylene would be higher than the 
measured one. The lower the yield of ethylene episulfide, 
thewies= Geplecicn byesecondary reactions). Therefore as 
the acetylene concentration is increased the measured A 
Values will be, relatively high compared with the measured 
Ay and thus the Aone values will be low leading to a low 
value for the relative reactivity of acetylene. Thus in 
the last two runs in Table XVII the amount of conversion 
was increased in order to keep the episulfide yield approxi- 
mately the same. Since the line in Fig. 14 does not show 


any marked departure from linearity it is probable that the 


measured relative rate is very close to the true one. 


Methylacetylene - Ethylene System 


As in the previous system the concentration of 
methylacetylene was increased gradually in a mixture which 


COnSto Led Ofs2 Onto tmaCOS alt, Susser GOn Ane 22st Ort 


2 
CoH,- The data are shown in Table XVIII; ao is plotted 


against (C,H, ]/ (C544) in Fig. 15. Least mean squares 
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treatment. ot the points, including the origin, gives a 


SLOve ror eno 0.e, Therefore (Ss: + C3 Hy, VIKAS: + CoH,) = 
2.30. If depletion of ethylene episulfide by secondary 
reactions occurs in.this system its effect would be 

Similar to that in the previous system in that the measured 
relative: rate would be toorlow. Tt is shown in Chapter IV 
that with 20 torr ethylene present in the system the 
ethylene episulfide concentration reaches a steady state 
value of over 400 peak area units on the gas chromatograph. 
The peak area in the present system for AG was 244 units. 
Thus since the episulfide yield reached only about half its 
maximum value, its removal by secondary reactions would be 
Mery es lLognt. = Tnis! arqunent 1s) supported by, the lack of 
curvature in the plot in Fig. 15. Thus the measured value 


is very close to the true one, 


Dimethylacetylene - Cyclopentene System 


The relative rate for addition to dimethyl- 
acetylene was determined by measuring the decrease in yield 
of cyclopentene episulfide per umole CO upon increasing 
the concentration of dimethylacetylene in a reaction mixture 


OmeSiee eco COS Vasa, SO LONG COn SanuweU mo mLOi Gar The 


2 Saou 
data are shown in TableXIX. Least mean squares treatment 
Of the points ad Fig. 16, includingy thesorigin ‘gives ja 


slope On dese se Thewincercepe 25 £U.0b whic aceverve ci ose 


Gosthe Oligine, “therefore k(S) + Cy He) /k(S = Ce 9) = 137s 
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Uiemseroacnve wate Of aqdition OL s(3p) atoms to cyclo- 


pentene was determined to be 21 (60). Thus 
eC eget CyaHe) /K(S + CoH) eae 

Since cyclopentene is highly reactive compared 
with ethylene it is unlikely that there are any secondary 
reactions in this system. Thus the errors in the points 
are random errors in recovery of cyclopentene episulfide 
which has a very low vapour pressure. The standard error 
in the slope in Fig. 16, calculated by least mean squares 
treatment for a 90% confidence level, is 0.22 which is 


about +16%. This is somewhat higher than the error in the 


Other acetylenes measured. 


Vinyltrifluorosilane-3 ,3-4,4,4-Pentafluoro-l-butene System 


thesereactrons Cf sultur atoms with viny Ltri— 
fluorosilane (VTIFS) had not previously been studied. When 
epnexeuve voto 00 GLorr (COS. and)i30)' tonn VIPS was 
Hg-photosensitized, no major product was obtained. Mass 
Speccralvanalysrs of the fraction condensibie at -118°C 
showed peaks up to m/e = 200. ‘This indicated fragmentation 
ands polynierization ob the addzrion product. [twas there— 
fore decided to study the system by means of flash photolysis- 
kinetic mass spectrometry. 

A MiXEULenoOL COS+{226 microns) ye VLEs) (oS50emucrons) 
and 14 torr He was flash photolyzed and a peak was observed 


at mass 144. This would correspond to the episulfide of 
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89 
VIFS. By monitoring this peak a time-resolved oscillogram 


(Fig. 17) was obtained. This trace was corrected for bleed- 
ouG through the lLeakeqivingesthesdottied pcunveviny Figs 18 
which indicates thatithe adduct decays with a half-life of 
several seconds. 

As a preliminary experiment, 65 torr VIFS was 
added to the mixture of COS, pentofluorobutene and fluoropro- 
pene in Table XV. Hg-photosensitization of ae mixture gave 
Oso cz rumoves | Cor Heo Uco 1moOotesac. FHS and 424] wwmo0les CO. 


4°5°3 Sania 


From Table XV, the yield of C3FH_S and C,F.H,S would be 1.54 
umoles (35% of CO yield) in the absence of VTFS, and thus 
the amount of VTFS-episulfide formed was 0.83 umoles. 

: P= On 3 ease 
ving ee (Greta Teo) kK CS CoH,) v0.4. This value is probably 


Cnlvyecorrectawithin 2302. 


Trans-1,2-dichloroethene - Cyclopentene System 


s(?p) atoms add to trans —1 /2-di chloroethene EO 
ECC O02t rene Cpisuliide and) 103 (cis (épisulride(>/).) othe 
product yields were found to depend on the total pressure 
in thessystem. Because of the low vapour pressure "of jtrans— 
dichloroethene the only competing reactant which was suit- 
able was cyclopentene. Photolysis of a mixture of 12.3 
Obign COD, 00s. Odst co. and 12.1 torr cyclopentene gave a 


peak area for cyclopentene episulfide of 251 units per 


Lino LenCO tI AdCuiOnmOL le Leo torn Oc trans-C5H Cl, to the 
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Figure 18: Mass 144; SiF,C,HS 
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System decreased the peak area to 78 units per umole CO. 


As the temperature was increased new products were formed, 
which were not identified. When a mixture of 16 torr COS, 
840 torr CO, aes at Or Go trans-C,H,Cl. was photolyzed three 
products were obtained in very small yield. The ratio of 
these to each other varied drastically with the temperature. 
One of these products had the same G.L.C. retention time as 
cyclopentene episulfide and thus the decrease in peak area 
of 173 units/umole CO mentioned above represents a minimum 
value. We can therefore calculate a minimum value for the 
Cle. Thus 


VANE 


173 eee: 
5H,Cl,) /K(S + C.He) > 73 Xx TST 


relative addition rate of trans-C.H 


ECS eC PopeG eae 6 








Meantime oO MCS +o trans: CHCl 


nto 2) /K(S + CH 


4) 
B) Arrhenius Parameters 


Thermolytic studies (61) have shown that ethylene 
episulfide will start to undergo decomposition at 180°C 
and that for episulfides in general the activation energy 
for decomposition decreases as the molecular weight increases. 
To test the influence of temperature on the stability of 
newly formed episulfides produced by the addition of s (7p) 
atoms, photolysis was carried out on a gaseous mixture 


Consisting Gmez0.cm@lOrn COS, COS LOrrecCO and eon Wacom, 


2 
isobutene. The yields of isobutene episulfide per umole CO 
aALeGeShOwl in) Fig et9eas a, LUNCtign rol temperature. The 


Vielo statte, cOmmalmeon, above l/s Ceeit, was thererore 
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decided to measure the Arrhenius parameters within the 
Temperorunouronce sot y25 4 Jlo0°C. The slopes Jand. intercepts 
of the Arrhenius plots were obtained by least mean squares 
treatment of the points, assuming the temperature reading 
POBbeeCOnrrect wand aa randomeerronr in the relative rate con- 
stants. Standard deviations in the slopes and intercepts 
are given assuming a 90% confidence level. 

Since the COS absorption increases with temperature, 
it was attempted to keep the amount of conversion approxi- 
mately constant by decreasing the photolysis time as the 
temperature was increased, in order to eliminate possible 
errors due to secondary reactions involving the episulfides. 

Arrhenius parameters were measured for the fol- 
lowing compounds: isobutene, trimethylethylene, tetra- 
Pee tot lenc me S-ouLadiene, vinyl chloride, cis— 
difluoroethylene, trans-difluoroethylene, tetrafluoroethylene, 
3,3,3-trifluoropropene, acetylene, methylacetylene and 


dimethylacetylene. 


Isobutene - Propene System 


In this system, as in all the following systems, 
s (3p) atoms were produced by electronic deactivation of s(tp) 
acomsuresulting from the, photolysis Of COS.) Almisxture lor 
2" Bie 2 ate) Fale CyHe enugoo. be LOnt 


was, photolyzed at various temperatures up to 188°C. 


oe Ome mG Jee Vom Or TCO 


C3H, 


The episulfide yields are given in Table XX as a function 


as 
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Checempercture. in, Pig. 20 the matural logarithm of the 
3 


relative rate ratio is plotted against = x10 ee he? point 
at 188°C is seen to be low due to decomposition of isobutene 
episulfide and is therefore not included in the least mean 
Squares calculation. The % yield is constant throughout 

the temperature range indicating the lack of reactions of 
S(°P) atoms with the episulfides; this reaction becomes 

less favorable for the sulfur atoms compared with addition 
to the olefins, as the temperature is increased (see 

Chaptem EV) .)sFrom the first*™six’ points then, the calculated 
EP lopemiononais = 90.06 and the intercept is 0.036 £ 0.18. 


Thus E(C,H,) - E(C,H,) = 1.22 + 0.11 kcal seeks Naa 


8 
A(C3H_) /A(C,He) =e Wltiini~ma factor ot 1.2. The 


Arrhenius parameters for C3H. relative to CoH, 


been measured (62) as E(CjH,) a E (CH) on eel Awe 


have previously 


A(C3H_) /A(CjH,) = ih Tae EBS E(C,H,) —r(C He) =i2.360 and 


OF9O7. 


A(C,Hg) /A(C,H,) 


Trimethylethylene - Isobutene System 


Quantitative recovery of isobutene episulfide from 
a mixture containing trimethylethylene is difficult to 
achieve by low temperature distillation; therefore, in this 
system only the trimethylethylene episulfide was measured. 
When "a mimture, consisting of 20.4 toer CoS, 938e tour CO 


2 


ace 2 GOigr CoHy9 was photolyzed the peak area of 


trimethylethylene episulfide per umole CO was 285. 20.5 torr 
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isobutene was then added to the system; the yields of C.H1)8 


are shown in Table XXI for the various temperatures. Least 
mean squares pireatment of the Arrhenius plot in Fig. 21 give 
= =) 765 


an activation energy difference. E(C.H se E (C,H 


10? g) 
me, 20 KCate moter4 and, an A=factor ratio of A(C.H, 9) /A(C,H) = 


O55 Bachan a factor, of 1.34; 


Tetramethylethylene - Cyclopentene System 


PNOvOLVslorwas Carried out On a mixture of 37.3 


COLrregcose 243. Cor CO. eandei9 7 eorr CoHei 


area of cyclopentene episulfide per umole CO obtained 


the G.L.C. peak 


was 245. Table XXII gives the CoH S yields at different 


8 


temperatures after addition of 6.81 torr CoH Least 


tes 
mean squares treatment of the Arrhenius plot in Fig. 22 
gives an activation energy difference E(C.Ho) = E(C.H, 5) 
Peele Orato kcal molew: ands angaA-Tactorsrat io, OF 

A (CoH) 5) /A(C,H9) =IeToewwit Chin, awseactOoreo: i145. bike 


Arrhenius parameters for s (7p) addition to cyclopentene 


relative to those for ethylene have been measured pre- 


viously (11) as E(C,Hy) - E(C,Ho) State cere! nmovee. and 
A(C.H,) /A(C5H,) = 0.67. Therefore we get E(C,H,) - E (CoH, 5) 
3.36 fend A(CeH, 5) /A(CoHy) = 0..50% 

1,3-Butadiene - Propene System 


The relative addition rates of these compounds 


as a function of temperature are given in Table XXIII. 
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They were determined by measuring the yield of C S per 


346 
umole COsresultingtirom the photolysis of a mixture con- 


SSL nome» 0  tOnreCOS, 887) -torr CO Tele, hw ehen as (Oba | 


Oe OG 
sues AGwarsh Geers CAH as shown in the Table. Least mean 
Squares treatment of the corresponding Arrhenius plot 
in Fig. 23 gives an activation energy difference 


EDO, 2 ©, O Ween “een enh ay re 


E(C3H¢) = E(C,H¢) 
faclorsratio A(C,H_) /A(C3H¢) =e. 4 within a factor of 
1.43. Thus, from the previously measured parameters for 


de -1 
CoHe, we get E (C,H ~ E(C,H¢) = 2,04 kcal mole and 


4) 


A(C,He) /A(C5H = 2.4, 


4) 
Vinyl Chloride - Propene System 


Phetoilysis was “carried out on a@ mixture of 21 


EOrrs, COSsUZ, torr co. and sole ecOmr CH ance lou ieto rr 


CHCl. The yields of the two episulfides produced are 


given in Table XXIV as a function of temperature. 


Fig. 24 shows the corresponding Arrhenius plot. Calcula- 


tion of the slope and intercept by the least mean squares 


method gives E(C,H,C1) - E(C3H>) =F il 660 0.2 ekCca 1 Hele 
and A(CjH,C1) /A(C3H¢) =O, JCAWMCN Lowa LeccOrmot al. Fos 
Thus E(C,H,) - E(C5H,C1) = —@.52 kKeal WAT and 


BAG OH sb BUC oy) = 6 As 
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Clearcoat uOrcethnylene — Rthy lene System 

The Beet ar OF s(°p) eLomse tO Cust ly Z= 
difluoroethylene has been shown (59) to produce the 
PSOMerlCascpiowlpides. The) cis configuration is retained 
in the episulfide to the extent of >99%, making this the 
most stereospecific olefin in its reaction with s (7p) atoms 
atl roomstemperature. Ginethe present study none of the 
Euanseeorsulride was found evene=at the highest temperature 
usc mm aneryteldssoL cis—dit luomoethylene episulfide 
obtained from the photolysis of a mixture consisting of 


Z20RLOrE seOo, 920 torr’ CO She) Gi hexetenche TSm is eercveyeh ESCIh My lenge 


a 2 4 

cis-C,F,H, are shown in Table XXV as a function of tempera- 
ture. The relative rate at each temperature is calculated 
Metis babe atromea Knowledge: om the cis-diftucroethylene 
yield in the absence of ethylene. The corresponding 
Acrheniusiplot istshownvinerig.225;>the slope and “intercept, 
calculated by the least mean squares method, yield the 
following Arrhenius parameters: E(cis-C,F,H,) = E(C,H,) = 
2.71 + 0.40 kcal mole” and A(cis-C,F,H,)/A(CjH,) = 1.66 


Whitin GaACTCOT Ofull. 7.0. 


Trans-1,2-Difluoroethylene - Ethylene System 





s (>P) atoms have been shown to add to trans-1,2- 
difluoroethylene to give both episulfide isomers with 


retention of configuration to the extent of about 80%. 
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Thus, the 1,2-difluoroethylenes are in contrast with the 
2-butenes and the 1,2 dichloroethylenes, where stereo- 
Speci fiest, we shignestewithethe trans isomer. in the 
present study the stereospecificity of this addition 
reaction was temperature dependent, decreasing from 84% 
at Gocm temperature gosaboutevi3t) ar 150°C. Table XxXVI 
gives the episulfide yields resulting from the photolysis 


SEeomiisochure «Ore. OL COrr COS, 952 uromr CO SO ONO bac =a 


On 2.4 
and els 6,57) torr trans-CoF5H, at different temperatures. 
Unlike the previous system, the ethylene episulfide was 
Pecoverable due sco the higher volatility of Crans-1,2- 
dri Tuerocchy lenepas tcompacedm@to the cis isomer. Least 
mean squares treatment of the Arrhenius plot in Fig. 26 


1 


gives E(trans-C - E (C,H = 6 oe = 025. kealeamole™ 


2F gH) 4) 
and A(trans-C,F,H.) /A(C5H,) =o. JO. We thin a gdactor of —1: 38; 


Tetrafluoroethylene - Ethylene System 


Ss (Pp) atoms have been shown’ (59) to react with 
tetrafluoroethylene although no stable product has been 
recovered. A CoF,S adduct has been observed from the 
CoP, - s (7p) reactionpby ytheamethod sof flash jpnotolysis = 
kinetic mass spectrometry. The oscillogram indicated a 
half-life of ca. 10 seconds for the adduct which probably 
was tetrafluoroethylene episulfide. 


In=the presentestucy, photolysis; was Carried out 


GieaemixtuLe consoling eOLe2l COLL COSWe oL4= LOE CO. and 
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Lo eo PORE CoH). Mpaverage G.iueC. Dean area of 162° units 


per umole CO was obtained for the ethylene episulfide. A 
pressure of VOLS (torr CoP, was then added and the resulting 
ethylene episulfide yields are shown in Table XXVII as a 
function of temperature. Calculation, by the least mean 
Squares method, of the slope and intercept of the correspond- 
ing sArrhenius, plot, which «ls ‘shown in Fig. 27, leads to the 
following values for the activation energy difference and 


relative A-factor: E(C,F _ E(C.H,) = Heese a O26 kKeal 


4) 


oleah ang ech ) /A(CH,) = 1.35 within a factor of 1.25. 


2 4 4? 


3,3,3-Trifluoropropene - Ethylene System 


Thescedaccl ous Of SuUlturlatoms with 3),3,3- 
trifluoropropene have not previously been studied; thus 
as a preliminary experiment a mixture of 20 torr COS, 


Pn Grecomre COM angdesU. corm ©. wt awas photolyzed. G.L.c. 


2 Sh SERS 
analysis showed only one major product. The mass spectrum 
of this product, given in the Appendix, indicated a 
moleculamiweaght of 128.. -lt was thenerore assumed to be 
the episulfide. 

Proteolysis, Of a mixture, OfMl4. Vator COS) 926 


torEmsico S00 COLT. G-H. fand LS0) 0rruCeF howe, ditrerent 


oon 274 Sraery &) 
temperatures gave the product distributions shown in Table 
XAVLLI iFig.3 28 shows the cornesponding Arrhenius plow 


with the slope and intercept calculated by least mean 


Squares treatment of the data. The Arrhenius parameters 
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thus calculated are E(C,FH,) - E(CoH,) =l.4082 0216 
fyeewy premes 4 sane PiCEE oH) /h(Coiy o> 1,18 within a factor 
Otero 


Acetylene - Propene System 


Table XXIX gives the yields of propene episulfide 
and the relative addition rates for acetylene and propene 
at different temperatures, obtained from the photolysis 


ipa tik eo | sGOrr COS «920 stort .CO Sa pe on aha OPN gl 


rae S66 
ann Ov. SEOUL CoH. inthe .vohnt ot the relative reaction 
ratemmeasured in Chapter V for k(S + CHS) /k(S +: C,H.) 


it would seem that the propene concentration in this system 
GS not Sufficiently high, to scavenge all the s (7p) atoms 
and thus prevent the depletion of propene episulfide. Thus 
the measured value of Ag = J33°1iSs" probably too flow. When 
acetylene is added to the system the extent of sulfur atom 
attack on the episulfide is lessened, making the measured 
value of A high with respect to Ao: Therefore, the rela- 


tive rate k(S + CoH.) /k(S + CH i would be) toog low.)  Thas 


6 
is borne out by the fact that the relative rate for 

k(S + CoH,) /k(S + CoH,) at room temperature calculated from 
the data in Table XXIX is 0.20, which is low compared with 

the value of 0.35 previously measured. Due to its lower 
activation energy the abstraction reaction becomes negligible, 


COompaLed Withwacdditlon to theisubstratesy as guhe jtemperature 


is increased. Thus at the higher temperatures the points in 
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a2: 
Fig. 29 are too low by a slightly larger margin than the 


point taken at room temperature. This would have the 
effect of making the measured activation energy difference 
slightly smaller than the true one. The measured value 
for the relative pre-exponential factor for acetylene, 
however, will be considerably lower than the true value. 


The values as measured are E(C,H,) - E(C3H¢) oer ate 0 


I 


kcal Wei = and A(C5H,) /A(C3H_) GO 2aWwielin va =facton or 
1.76. Thus E(C,H,) - E(C,H,) = 2.03 kcal mole? and 
> 


A(CH,) /A(C = Oo.02-5 26 1t Ss assumed that the previously 


2H 4) 
measured value of kK (CoH) /k (C5H,) =O Sadi 2° Cals FCOrrect, 
themootwea line can be drawntim Fig. 29.through this point 
with a slope equal to that of the measured line. This 
corrected line leads to a value of A(C,H,) /A(C5H,) coy AO RATSWS 
Since the Arrhenius parameters for methylacetylene were 


measured using the same value of Ay = 133, either value of 


the A-factor is valid for comparative purposes. 


Methylacetylene —- Propene System 


As in the previous system, the relative Arrhenius 
parameters were determined by measuring the propene epi- 
sulfide yield as a function of temperature assuming the 
yield to be 133 G.L.C. peak area units per mole CO (about 
40% scavenging) in the absence of methylacetylene. The 
photolysis MixecuBerconss sleonOL 221.10 mreCOo 7 Oo bom coms 
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the relevant data. The slope and intercept of the 


corresponding Arrhenius plot in Fig. 30 were calculated 


by the method of least mean squares and yielded the follow- 


ing parameters: E(C,H,) - E(C3H¢) een nO on ei Cel! wee 
and A(C32H,) /A(C3H_) =O, Ol Witt nee tactor of 150, Thus 
relaeivesto ethylene we get E(C,H,) - E(C,H,) =a0i 89 kcal 
mole ~ and A(CH,) /A(CjHy) = 6.60. In this system, with 


a pressure of 10.4 torr C the secondary reaction of 


346 
sulfur atoms with propene episulfide is probably negligible; 
however since the value of he = 133 is too low, the rela- 
tive rate constants at each fener ater. will be too low and 
consequently so will the A-factor. The measured activation 
.energy difference is probably correct. If the relative 
rate which was previously measured i.e. K(C,H,)/K (CH) = 
2.30 at room temperature is taken to be correct and the 
dotted line in Fig. 30 is drawn through it with a slope 
equal to the measured line we get a relative A-factor of 


A(C,H,) /A(C5H,) = 10.2. This value will be very close 


to the time value. 


Dimethylacetylene - Cyclopentene System 


The Arrhenius parameters for s (3p) addition to 
dimethylacetylene were measured relative to those for 
cyclopentene by measuring the yields of the episulfide of 
the latter compound as a function of temperature in a 
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the yields and relative reaction rates at each temperature. 
THeESCOrrespoOncing = Arrnenius plot’ is shown in Fig. 31 along 


with the slope and intercept obtained by the method of 


least mean squares. The resulting parameters are as follows: 
E(C,H,) - E(C,H,) = 0.83 + 0.40 kcal mole + and 

4°°6 By 48) 
A ( 6) /ACC 5H 3) =—~O.05 Wittninea, fectorn or L.82 9. dinerefore, 
relative to ethylene, one gets E(C, He) = E(C.H,) =i tao hayes 


oneness and A(C,H, y/BL Vegi = Bo Ke 


DrScuss rom 


The relative rates and Arrhenius parameters for 
Ss (Pp) addition to the three classes of substrates 
olefinic hydrocarbons, halogenated olefins and acetylenes 
are summarized in Table XXXII. Comparison of the second 
and third columns in the table demonstrates the generally 
excellent agreement between independently measured values 
of the relative rates. The increase in reactivity, upon 
successive methylation of the double bond, clearly reveals 
the electrophilic nature of s (7p) atoms in their addition 
Feactvous witth Oletins. “Similarly, substitution of a 
halogen atom for hydrogen in ethylene causes a drastic 
decrease in reactivity, indicating a pronounced correlation 
between the reactivity and the electron density of the 
double bond. This electrophilic trend in the reactions of 


ground state sulfur atoms is not surprising in view of the 
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TABLE XXXII 


RELATIVE RATES AND ARRHENIUS PARAMETERS FOR s (7p) ADDITIONS 
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relative addition rates for the other group VI atoms, O 


and Se, shown in Table I. On the Pauling scale, the 
electronegativities of O, S and Se are 3:5, 2.5 and 2.4 
respectively (63). 

Since the factors affecting the electron density 
distribution are different in all three classes of sub- 
strates measured, it seems best to discuss each class 
separately. Furthermore, since the relative rates of 
addition are determined by two independently contributing 
factors, the activation energy and the A-factor, these 
parameters will be discussed separately for each class of 


compound. 


A) Activation Energy 


i) Olefiniic Hydrocarbons 


The existence of an activation energy for 
radical additions to unsaturated compounds implies an 
initial repulsion between the two species as they 
approach allonguthe "reactiionwco-ordinate? This®treatment; 
which was first proposed by Evans (64) and later adopted 
byeszwarcs(65)) toséexplain thévyréactivaties vofimmethyl 
radicals with aromatic compounds and olefins is shown 
diagrammatically ganerigs 327eCAstithe reactingespecives 
come closer together, various electronic rearrangements 


take place within the molecule which enable crossover to 
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energy. Assuming for the moment, that the dissociation energy 
of the newly formed bond remains the same for a series of 
substrates and therefore, leaving the depth and contour of 

the attractive surface invariant in Fig. 32, we can see how 
the activation energy is affected by substituents which influ- 
encemthe Chargerdistvibution and@polarization in the transi- 


tion state by the change in the slope of the repulsive 
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curve. This effect, however, will only be present when 
the attacking free radical is electrophilic or nucleophilic 
anecharacter.) Methyl or ethyl substituents, by means of 
their electron-donating inductive effect increase the 
electron density in the double bond, thus increasing its 
polarizability, and thereby lowering the activation energy 
fOLeadGtt1on Of Electropnildac reagents. | Table XXXIII 
gives the activation energies for the addition to olefins 
relative to ethylene for some electrophilic reagents, 
along with those for methyl tadicals, the latter being a 
typical member of the "free radical" type reagents which 


include "CoHe, eens Tu Ga : CH, (*) and H atoms. The 


ay 
activation energies of the electrophilic reagents all 
undergo a substantial decrease upon substitution of a 
Methyl group Wi sharp contrast to those ifor CH. addition. 
A linear correlation between activation energy and ioniza- 
tions potential, the latter being a rough) measure of 
polarizability in the substrate molecule, is therefore 
anticipated for the electrophilic reagents and Fig. 33 
shows such a plot for the addition of s (3p) atoms. Chis 
relationship also holds true for the other electrophilic 


reagents 0 (7p) (10 15 Se (7P) (T4) mand <CE 4 (29)..4) In the 


3 
case of Se atom addition, the relationship is not linear, 
but the activation energy nevertheless decreases mono- 


tonously with the ionization potential. 
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@ tetramethylethylene 
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Ionization Potential (volts) 


Plot of Ionization Potentials versus Activation 
Differences for S(3P) Addition to Olefins. 
Ionization Potentials taken from References 
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The second effect responsible .for the variations 
in activation energies is the mesomeric effect, which 
includes resonance and hyperconjugation originated by 
Mulliken and co-workers (69). This effect plays the pre- 
dominant role in determining the activation energy for 
“free radical" type addition reactions, and must also be 


operative, though to a lesser extent, in additions of 


1335 


electrophilic reagents. Also, its influence on the additions 


of monoradicals should be much greater than on those of 
diradicals, since in the monoradical reaction the mesomeric 
eELect shouldscontribute, signi cantly wo. the stabilization 
Grthe adduct. radical. 

_ Resonance involves the rearrangement of the 
electron pairs in an unsaturated molecule and only occurs 
in conjugated molecules or in molecules containing non- 
bonding electron pairs. Thus in Table XXXIII, the only 
molecule exhibiting this phenomenon is 1,3-butadiene. 

Each of the two Ii-bonds in butadiene is stabilized relative 
to the Il-bond in ethylene by delocalization. When a 
monoradical adds to a conjugated molecule, the resultant 
adduct radical is San ee ee by delocalization 

of the unpaired electron. The stabilization energy in 

this adduct radical relative to the corresponding ethylenic 
adductsis greater, than: that. of. butadiene.~relative, to 
ethylene. The net effect of resonance therefore, is to 


decrease the bond-energy of the [-bond to be broken, thus 


~~ 
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causing a decrease in the activation energy of the 

addpeuron reaction ar This iéffectitcantbe.!seen tin Table «XXxITII 
fom thiercasecios metny.stnadi cal waddi:t1 on Band (st 4 si.a common 
feature of all "free radical" type reagents oe their 
relative addition rate is very much higher for TMeen abeitnene 
than stortche monoolefins, astsnown @inrTeb Ler tin pihe 
IMtLORCUGETCN . 

The addition rates of monoradicals such as 
BipeCOtOeO® (7 0)'; ccl. ORs; CH (72), CF, G2 7)meand CoH, 
(25) to aromatic compounds increase rapidly with the size 
of the molecule and consequently with the extent of conjuga- 
tion. This marked increase is due predominantly to the 
resonance effect - the greater the extent of delocalization 
energy, the lower the activation energy. These molecules 
show approximately the same variations in reactivity for 
strongly electrophilic monoradicals like CF. aSHior 
the "free radical" types, since the electron density is 
the same in all compounds. Szwarc (27) has shown that 
the “intrinsic selectivity" of the CF. radical relative 
COtthat-ort *CH - that is, the slope of the log k(CF3) /n 
versus log kK (CH,) /n plot, where k represents the rate con- 
stant for addition to a series of unsubstituted aromatics 
and n is the number of reactive sites in a given molecule - 


P9028. 51 AEheSadaitions of thesenzadi calsato moncolvefins, 


as Table I indicates, the selectivity is markedly reversed; 


this 1s clear evidence that’ in” additions ofzetectrophiiic 


reagents, the inductive effect heavily outweighs the 

mesomeric. effect in its,influence on the activation energy. 
Hyperconjugation occurs in a molecule when there 

is overlap between a p-or J- orbital, occupied or otherwise, 

andathey Call 2 eam ©Ofganeadjacentecarbon atom. ferornover— 

lap to occur the C-H bond must be approximately parallel 

to the p- or [-orbital; thus, in a monoolefin, hyperconjuga- 

EVOnsecangOnlyaoccurgwithtallylicihydrogenshiea Thérefore 

the amount of hyperconjugation increases as the number of 

methyl groups substituted on the double bond increases. 

Bom addiri. ons soLemonoGbadicals tto Silene, hyperconjugation 

has the same effect on the reactivity as resonance, i.e. 

through dekocaluzationsot the Il-electrons, 4the di-bond 

is strengthened relative to ethylene. Also, on the result- 

ing adduct radical, the unpaired electron is delocalized, 

Caustag Stabi kizations, Taus hypercongugation in strans 2- 

butene is analogous with the resonance effect in 1,3- 


butadiene, although the delocalization is not as pronounced 


3 


The influence of hyperconjugation in lowering the activation 


energy of monoradical additions is most strongly felt in 
isobutene where the unpaired electron in the adduct radical 


ten ocated.on athe ssubstisbuted carbon jJatom and téan sehusm@be 


delocalized over three carbon atoms.  The-same delocalization 


EccuLnso ein. the sacduety radi cal rarisaing Goomtaddl tuo seo Fer 
methylethylene and tetramethylethylene; however, in these 


cases the hyperconjugative delocalization in the substrate 
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molecule extends over 5 and 6 carbon atoms respectively, 


SO that more energy is required to disrupt the II-bond. 
Homemonoracmeal additions toymeneolefins, therefore, the 
activation "energy; is lowestefoum tsobutene, while that for 
trimethylethylene is somewhat lower than that for tetra- 
methylethylene. For the same reason the reactivity of 
propene is greater than that of the 2-butenes. This 
effect is seen in Table I, especially in the relative 
rates of addition of H mylene: where the effect of steric 
hindrance is Pema Be and contrasts with the trend in 
the corresponding relative rates of electrophilic reagents 
where the reverse order is observed. 

ConsVcering now-the addition of difradicals to 
olefins, two different cases arise - addition by formation 
of two bonds simultaneously, and addition to form a di- 
radical. In the former case the net effect of resonance 
or hyperconjugation will be to strengthen the II-bond in 
the olefin relative to ethylene thus raising the activa- 
tion energy, since there is no unpaired electron in the 
primary adduct. Where formation of an open diradical 
occurs, in which case the reaction is non-stereospecific, 
the unpaired electrons may be delocalized by the mesomeric 
effect resulting in a lower activation energy. The 
mesomeric effect affords therefore a possible explanation 
fOr the different trends Angreactavitvyeot simglet and 


triplet states of the same species. Table XXXIV shows a 
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comparison of these reactivities for CH CaO mands Ce atoms. 


pA ge 


PCH, is known to form a diradical on addition to ethylene 
(74), while the singlet species probably forms a bond 
Simultaneously with both carbon atoms of the olefin. For 


the addition of Rue k(2-butene) < k(propene), while the 


opposite is true for ‘CH, . Also, PCH reacts more slowly 


with trimethylethylene and tetramethylethylene than with 


isobutene, while again the reverse order holds for “CH, . 


Faneliy »dtor * cH, k (butadiene) /k (ethylene) = 19, while for 
“CH, the Yattomisoce4i@ Carbon atoms@add tosolefinsein 
two steps, the first stereospecific and the second non- 
Seemeqspecirl ca’ /Sh. For) thetadditionjorether@irst? olefin 
to a carbon atom, k (butadiene) /k (propylene) = 0.2 while 


fhoOLpmtiennen=sterecospecific.addition the same ratio is 2.5. 


Alsostor the additton of ener k (butadiene) /k (ethylene) is 
Io ORC Sia were LtLils eundakelvye that thie 


PeLOCe wile sor D 
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changes in reactivity are due to the pre-exponential factor, 


as the same variations in A-factor would be expected in 
both the singlet and the triplet case. Kryzanowski and 
Cvetanovic (16) have attributed the lower selectivity of 
singlet methylene, as compared with the triplet, to its 
excess energy; this may well be true but it does not 
explain the reversals in the order of reactivity of 
certain olefins, s(1p) atoms have been shown to be less 
selective than s (7p) atoms (60) but their relative rate 


Of add?Ptionstoe butadieneceis neteknowne® Forethe more 
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electrophilic divalent sreagents, however, the effect of 


resonance sand shyperconjugation in stabilizing the primary 
adduct is outweighed by its effect on the initial II- 
complex iso ;that,,*from the relative rates.,..it.is not .pos- 
Sible to distinguish between a one-step and a two-step 
addition. A knowledge of the relative rates of addition 
to aromatic hydrocarbons, where the electron density 
remains constant throughout the series might be helpful 
inethijs pcecgard. 

The mesomeric effect increases the polarizability 
of the olefin in the Il-complex and thus enhances the 
inductive effect in lowering the activation energy for 
the addition, as shown in the following diagram for the 


propylene-sulfur lIl-complex. 


H 
ily 
Sei 


C=C 


° 
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Through hyperconjugation, the partial positive 


= 


charge on the double bond is delocalized, thus lowering 
the energy of the ll-complex. A similar explanation can be 
invoked to explain the low activation energy for addition 


oe s (7p) atoms to butadiene as compared with ethylene. 
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The inductive effect of the vinyl group in butadiene cannot 
bee operative since? it, is opposed’ by that’ of ‘the other vinyl 
group. Thus the low activation energy must be due to the 
delocalization of the partial positive charge in the transi- 
tion state through resonance interactions. 

Coulson et al (75, 76) have established the 
resonance and hyperconjugation effects on a semi-quantitative 
basis by calculating the Atom Localization Energy from M.O. 
theory for a specific carbon atom in a molecule. This is 
the energy necessary to localize 2,1 or 0 electrons on the 
carbon atom, depending on whether the attacking species 
PomormcatLon em ee radi cal. Or anion. wlhus t.iss the: di f- 
ference in resonance energy between the unperturbed mole- 
cule and a hypothetical structure as, for example, in free 


radical addition to-carbon 2 in naphthalene: 
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The dotted line encloses the resonating framework. Bond 


Localization Energy has been defined (77) as the energy 


required to localize two electrons in a particular bond 
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apart From che resonating frameworki of rtheiimolecile p-as 


for example, in the Cy Cio bond in phenanthrene: 





B.L.E. = R.E. (Phenanthrene) - 2 R.E. (Benzene) 


Coulson) (76) has calculated the Localization 
Energies for the most reactive carbon in a series of 
unsubstituted aromatic compounds and on comparing them 
with the methyl affinities of these compounds, as measured 
By o2welo  (2enecd, 7/8), Lound an excelientelinear rela- 
tionship between L.E. and log k/n, where k is the methyl 
attinity and n Bs the number of. reactive jsites/in the 
molecule. The activation energies have not been measured 
and the above relationship implies a constant pre- 
exponential factor in the aromatic series. A similar 
correlation has been found to hold for the relative addi- 
tion rates to aromatic compounds of "CoH. (25)e; ccl., Gay, 
Styryl (78) and "CF, (27) radicals. Since the bond lengths 


are all equal in these compounds the localization energies 


areror the form Ce where 4, the overlap integral 1s constant 
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and C is calculated. Szwarce (79) has measured the methyl 

affinities with aromatically substituted olefins where 

the double bonds are either longer or shorter than normal 

or the p-orbitals are twisted so that the overlap integral 
B iS .a variable. These methyl affinities show a dramatic 

dependence Jon utheiiextent cof \overlap tand/ ‘consequently; on 

the magnitude of the localization energy as shown-in the 


examples below: 


A B 
kel = 15 kel = 1,370 
HC—=—==CH 
D 
Kret acu Ds = 19,030 


In compound B the bottom half of the molecule 
is twisted from the plane of the top half, decreasing the 
overlap and thus the localization energy, relative to A 
where the double bond is not twisted. In C, the double 


bond has anormal bond length while in D the bond is stretched. 
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Log (k/n) for these radicals is also linearly 


related to the spectroscopically observed singlet-triplet 


excitation energy of the aromatic molecule 


parameter being, 


like the localization energy, 


(7:8 eet hiss 


a relative 


MNeigsume Om the Istrength srofethesl=zbond ftoebe toroken. 


To understand better the relations discussed 


above it is desirable to consider the details of -the 


addition reaction in terms of the energy-distance diagram 


Originally proposed by Evans and Polanyi 


below: 
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The "Residual" A is the aromatic molecule in the 
hypothetical state where one electron is localized ona 
carbon atom and isolated from the rest of the resonating 
system. Thus the strength of the R-A bond in the 'residual' 
radical RA will be the same for each molecule A of the 
series, and the attractive curve in the diagram will 
Premed cdeneivcaletorlamgi ven radicalmR.on lhiiwegassume 
that the only molecular property which varies through the 
series is the: localization energy, it is clear from the 
Olagnany thaltithe activation@energy ise lineanilys relatedato 
thes localization energy.» In reality, the relationship is 
only approximate however, due to the effect of the bond 
strength of the newly formed bond on the activation energy, 
an aspect) which will. be considered later. 

Turning now to the monoolefins, Szwarc and 
Binks (80) have calculated the atom localization energies 
for a series of terminal olefins and found a linear rela- 
tionship between these and log k for methyl addition to the 
terminal carbon atom. The lack of correlation with non- 
terminal olefins was attributed to steric hindrance occur- 
ring whenever a methyl group was substituted on the react- 
ing carbon atom, so that log k was no longer proportional 
to the activation energy. This steric effect was later 
confirmed by Feld and Szwarc (26) when the Arrhenius 
parameters were measured. A Similar relationship was 


found by Jennings and Cvetanovic (33) for the addition of 
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H atoms to Oletins, steric"hindrance being unlikely in 
this instance. An independent calculation of atom 
localization energies for a series of olefins carried out 
by eacto ana Cvetanovic (81) revealed no correlation 
between these localization energies and the reactivities 
with either 'free radical' type reagents or electrophilic 
EeAgeNLe ww the Varlacrons in localization energy “1n the 
monoolefin series are caused by hyperconjugation and con- 
Siderable approximations are required in the calculation; 
this may explain the difference in the findings of Szwarc 
Gtradl ang Cvetanovic et al. 

No relationship exists between localization energy and 
activation energy for addition of electrophilic reagents 
COROLE Lis, SUCH “as CF, CFe)y Toc 0 (7p) (81). The same is 
true for s (7p) atoms, Indicating that the Jl-electron density 
plays the major role in determining the activation energy 
for these reagents. Calculations by J. B. Flannery ( 82) 
have afforded another series of localization energies for 
olefins, which are different from either those of Szwarc 
or Cvetanovic. The activation energies for s (3p) addition 
to olefins observe a linear relationship with Flannery's 
Atom Localization Energies (59); however the relationship 
iS reversed, i.e. the higher the localization energy, 
the lower the activation energy, so that the correlation 
1S meaningless. Walton and Tedder (83) have proposed the 
equation 
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where E is activation energy for monoradical addition, 


L is atom localization energy and Q is charge density. 
This, ©£oOm anomatiics compoundss:0, isiiconstantiandia Hinear 
relationship is observed between E and L even for electro- 
philic radicals like "CF... For non-aromatic olefins, on 
the other hand, a linear relationship between E and L will 
only exist when the adding radical is non-electrophilic. 
It is unlikely that the above equation holds for diradical 
additions; further experimental data is needed, however, 
such as activation energies for diradical additions to 
aromatic compounds or for addition of non-electrophilic 
diradicals such as * (CH) £o tolefiims’. 

Cvetanovic? and Sato, (381)y have calculated the? Bond 
Gocalizatiion Energies for fawserviesrofwolefinsurk The, B.L.E. 
increases for each methyl group substituted on ethylene; 
thus the trend in activation energies for addition of s(>p) 
atoms is opposite to that anticipated on the basis of the 
B.L.E. The dependence of activation energy on B.L.E. for 
electrophilic reagents therefore is minimal. 

ANO Chen parameter, , oktensusedtanimeactand ty correla 
tions, is the Maximum Free Valence (F), originated by 
Coulson (77) and is a measure of the free valence of the 
leastusubstaitutedscarbon) atom.2 Eorollefins! vextcan, be 
calculated ‘from the: equation F =94. 732 = lip where Yous 
the sum of.bond orders of all the bonds from the atom ander 


Consideration.’ \:Foria series of aromatic’ compounds’ the free 


valence is linearly related to the localization energy and 


excellent correlations have been observed between free 
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Voalencesand Log k/n for additions of “free radical" type 


reagents such as. -CCl, (7a ee COCO me 7.0)ee CH, and 

CoH, P2omeGumcnese Substrates. BEonusoletins , Onwthe iother 
hand, the free valence and localization energy are not 
linearly related. The free valence may be looked upon 

as a measure of the ease with which an incipient bond 

Mee oes fOrneCd sand therefore is concerned withthe sinatial 
stages of the reaction prior to the formation of the 

LGons DELOn=ctate, pconp lex. (4.84). .elhe atomelocalization 
energy, on the other hand, represents an idealized con- 
dition which approximates the later stages of the reaction, 
subsequent to the formation of the transition state complex. 
Thus, in either case, at best only approximate correlations 
may be expected. It has been suggested by Burkitt, 

Coulson, and juonguet-Higgins a/5), thatsthe ,atomslocala zation 
energies rather than the maximum free valences are the more 
reliable measure of the reactivity of unsaturated compounds 
toward free radicals. This suggestion appears to be borne 
out by experiment, for example in the addition of H atoms 


(Soyeedicy 2CH. radicals. (30)., G85)..to olefins a whenesno 


3B 
linear correlation is found between log k and free valence. 
Sato and Cvetanovic (81) found a roughly linear correlation 
between these parameters for an addition of “CC1l3, CH3, 
and CoH, to olefins but this seems to be a fortuitous 

result, as later experiments by Szwarc (80) showed that 


the low relative rate for of substituted ethylenes was 


due to steric hindrance and not to an increase in activation 
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energy. 


No linear correlation exists between the free valences 
and the activation energies for electrophilic additions 
EOP olerins Magaine supporting the.argument that the polar 
interactions outweigh all other factors. 

Cvetanovic (89) found good correlations between both 
the excitation energies and the bond orders of a series 
of monoolefins, and the logarithms of the relative addition 
rate; constants of the electrophilic reagents, o(7P), CBr, 
Brt and Peracetic acid. The corresponding plots for the 
activation energies of s (7p) atom addition are given in 
Figs. 35 and 36. The excitation energy, calculated from 
M.O. theory, is the difference between the energy of the 
ground state and the average of the singlet and triplet 
excited states (86). Fig. 35 shows that butadiene does 
Hotmic the plot, so.that the relationship is not universal 
and may be fortuitous for one class of compounds. The 
reasonably linear plot for the bond orders versus activa- 
tion energies may also be trivial in that, while substitution 
of alkyl groups on ethylene decreases the bond order of 
the double bond, they also happen to increase the reactivity 
towards electrophiles by their inductive effect. Cvetanovic, 
however, has interpreted these linear relationships as 
evidence that the rate determining step in the addition of 


electrophidic=diradrcals -is-an-interactionewith-the-deuble 


bond as a whole rather than with a specific carbon atom. 
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Figure 35: ~BlotiefiActivation Eneaguese for s (7p) Atom 
Addition to Olefins against Excitation 


Energies (Reference 81). 
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Figure 86: "Plot-of Activation Energies “fox s(>p) Addition 
to Olefins against Bond Orders. Bond Orders 
taken from Reference 81. 
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ihesthurdgfactor which should influencesthe activation 
ener gvaomacd eLonereactions»sismthe bondesitrength+of «the 
newly formed bond or bonds. For example, the addition of 
aeecee wradivcalsto an aromatic compound can be visualized 


as taking place in two hypothetical steps, as follows 


o—-G 
R 

ic as sick mel Cy tee) (Cousin) 
where lie Es and D(C —" R) are the localization-energy -and 
o-bond dissociation energy, respectively. Therefore -AH = 
DiGa—-wh)e—2i7. fb enwans eiaal (64) shave, shown that the heat 
Of reaction for’ an addition reaction is related to the 
activation energy, so that E. = D(C eR) 2o.b. +.consé&, 
SeWwaccm i oenas Shown that £or ‘CH, additions to a series 
of aromatic compounds the activation energy (as represented 
by log k) is linearly related to the localization energy, 
Pid CatinGgatiabl thew Lormer iSuhardly, Aveiserescl by the dis- 
sociation energy of the newly formed bond. As further 
Por ere on Of this) Viewpoint, Szwarc Loundgthate tie 
intrinsic. reactivity of the methyl radical with respect to 
these additions is equal to that of the ethyl radical, 


although the strengths of the newly formed bonds are dif- 


ferent in the two cases. Thus, unlike a hydrogen abstraction 
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reaction where the driving force of the process comes from 
the energy of the C-H bond which is formed, the strength 
of the newly formed bond in the addition reaction is of 
minor importance. 
Lt Eph likely that the same holds true in the case 
o£ s (7p) addvelonss = Thermolytic studies of *episulfides (61) 
MmMevedtewetiaastiesC—o ebond "strength decreases tas imethy1 
groups are substituted on the ring while the activation 
energy for sulfur addition to olefins also decreases as 


methyl groups are substituted. 


ii) Halogenated Olefins 


From the data summarized in Table XXXIla pro- 
nounced decrease is evident in the relative rates of 
addition to fluoroethylenes as F is successively substituted 
for H. Clark, Murrell and Tedder (88) have discussed the 
inductive and mesomeric effects of halogen atoms and con- 
clude that a halogen atom has an electron-attracting effect 
(oie mone oO -elecerons),) dn electron repeliang et tecc (i 
on IIl-electrons and an electron-donating (+M) mesomeric effect. 
In the case of fluorinated olefins where the fluorine atom 
is attached to a saturated carbon atom, only the =i effect 
is operative, thus leading to a reduction in electron density 
at the double bond, the effect Of ewhi_Cheira lL SmOGLebapTaly, 


as the distance: from. the stbstituted carbon Ss ncreases. mn 


the case of a-substituted olefins, the combined effects of 
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the at re ka anderMipelrects wit]  leaqc to a reduction in 
theselectron censuty of the substituted carbon atom but to 
an increase in electron density at the carbon atom which 
is at the nonfluorinated end of the double bond. 

These trends are clearly evident from the data 
anetable AkKXV 4. WwoLch summarizes the reactivities of halo— 
genated olefins with various electrophiles relative to the 
analogous hydrocarbon olefin. 

The relative rates of addition of the different 
radicals are quite similar especially those of 0 (7p) and 
Sep). Consider first the olefins having a fluorine atom 
substituted at a saturated carbon; these suffer the greatest 
deactivation relative to the hydrocarbon since the eae 
effect is the only one operative. Table XXXV shows that 
the relative addition rates of both s(?p) and 0(°pP) atoms 
to 3,3,3-trifluoropropene and 2-(trifluoromethyl)-propene 
are in good agreement. The oL5 effect of a perfluoroethyl 
Group is) about the same as that of perfluoromethyl as 
evidenced by the equal rates of addition of S atoms to 
3,3-4,4,4-pentafluoro-l-butene and 3,3,3-trifluoropropene 
due to the decreasing influence of the inductive effect 
WLthe Increasing distance. This  falling-oft Ob theganductive 
effect is again shown by the 0(?P) additions; the relative 
Tace Of addition tov3—f lucropropene 15 (0.20 whereas for, 
4-fluoro-l-butene it is 0.57. The rate of s (Pp) addition 
£6 vinyltrifluorosilane is about four times, as high as 
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silicon atom is less electronegative than carbon. 

Turning to the olefins having fluorine attached 
Lowmtheseunsaturatedhicarbon atom) substitution @’of “one ® fluorine 
atom for a vinylic hydrogen decreases the addition rate of 
s (7p) by a factor O£0024 as) in vinyl fluoride and 2- 
fluoropropene. A similar substitution decreases the addi- 
PLonmraterlo£r o(P) byBaeltackortoEe0s5. BBOEnS@i or s (7p) 
and 0 (7p) addition the addition rate does not decrease 
steadily upon successive substitutions of fluorine atoms 
for vinylic hydrogens, but goes through a minimum; thus 
ciseendStrans—iy/2-dit luoroethy lene are the least reactive 
towards sulfur atoms, while, next to vinyl fluoride, tetra- 
fluoroethylene is the most reactive of all the fluorinated 
ethylenes.  From.the activation energies for s (3p) addition, 
it seems that the combined ee 3 and +M) effect is stronger 
for 1,1-difluoroethylene than for the 1,2-difluoroethylenes 
and that the combination of these electron repelling effects 
exceedsmthe -I, enrecesof both the third andsrourch 
Substituted fluorine atom. A similar trend is exhibited by 
the reactivities of fluorinated olefins toward both 0(>P) 
and CF... As can be seen in Table XXXV, the reactivities, 
Celativento Gthewanalogous thydrocarbony Cl smono=9 edie, Stri—, 
and tetrafluorinated olefins with 0 (7p) aree0/950 -P0\e45; 

0.93 and 1.1 again showing a minimum for the gem-difluorinated 


Ole Sint stalsio (CF iA—= .Che=ACE Sis S063 stULmesSs asereactive=as 
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CF, - CH = CH,, thus fitting in the same series. In the 
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case of CF. adcatmonnalsor CoF, is more reactive than CoH3F. 
Onewrserorceduto tconciudei that substitutionsof twol fluorine 
atoms on a doubly bonded carbon atom activates the carbon 
atom on the other end of the double bond with respect to 
electrophilic pada etonk 


In accord with the above electronic interpretation 


of the variations in activation energy is the observation 


that the activation energy difference between CF, stCHe= CH, 
and CH. - CH = CH, 4s82.6) keat ysis (6-substitution) 
while between CFH = CF, and CH, = CH. (a-substitution) it 

dl 


ictiower; 220 keals moler a, although in the former case 

the fluorines are further removed from the double bond. 

This is a further illustration of the compensating effect 

of the +M and HL wetfect in the a-substituted olefin. The 
interpretation is supported further by the relative rate 

Od: s(?p) adaT cen tto CF, (CH3)C = CH,» where the deactivation 
relative to the corresponding hydrocarbon is the same as 

En ati ox CF. =e CHa= CH. 

In the unsymmetrically substituted ethylenes the 
electron density on each carbon atom is different. Tedder 
and Walton (31) have measured the Arrhenius parameters for 
CCl. addition toreachsof thei two carbonshotyayseniessor 
fluorinated ethylenes and found that the charge density, 
calculated from Huckel theory, correctly predicted the 
orientation of ccl, addition, but did not correlate with 


the magnitude of the activation energy. The sum of the 
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charge densities on both carbons increased steadily with 
SucCesoive flu0rnatitOn; it is, thus probable that in the 
calculations of charge densities, no account was taken off 
the -I, erfect., It @s of interest to note the identical 


trend 1m “the activation energies of CCl.) and s(3p) additions 


5 
in the fluorinated ethylene series; in Table XXXVII the 

average of the two activation energies of ccl. addi von to 

each fluorinated olefin is computed and compared with the 
activation energy of s (7p) addition. Both show the decrease 

sig E, when the fourth fluorine is substituted. By appropriately 
adjusting the Hiickel parameters, a and 8, Flannery (82) 

has calculated the localization energies for the series of 
fluorinated ethylenes so that he obtained a linear relation- 
ship between the difference in localization energies 

(LE(1) - LE(2)) and the difference in activation energies 

OF ccl, addition (Ey = E,) tO ecanoOnmatoOms (2 jseanda(2 a for 

each of the olefins. By taking the differences instead 

of the absolute values, the symmetrical olefins were 

Glaminaked from the plot. Pig. 37 shows) a plot of 

LE(1) + LE(2), taken from Flannery's values for the localiza- 
tron Ome against the activation energies for s (7p) 
addition to a series of olefins. A reasonably linear plot 


is obtained with the notable exception of C Fy and possibly 


2 
CFH = CFH, the localization energy of which is not avail- 
able. The approximate correlation between the activation 


energy of S(°P) addition and the average localization energy 
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Plot of Average Atom Localization Energies of 
Both Carbon Atoms versus Activation Energies for 
s (7p) Addition to Olefins. Localization Energies 


Taken from Reference 82. 
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is-suggestive-of-a transition state structure which 
PnvVOlLvesmparctaly bonding of the sulfur atom to both carbon 
atoms; in such a structure each carbon atom would retain 
partial free radical character. The large deviation of 
CoFy in the plot suggests an anomalously strong +I, Orme 
flees - ie effect, so that the Huckel parameters chosen for 
the series do not fit this molecule. The approximate 
nature of their calculations must also be emphasized. 

PeOMeu Ceo, lt) 1S Clears that no linear 
correlation exists between the activation energies for 
s (7p) addition to the fluorinated ethylenes and their 
ionization potentials. The latter decrease monotonously 
upon successive substitution of F atoms. This trend has 
been ascribed to resonance stabilization of the molecular 


Ton, by) the following «structuresy (92) 


Oy a 
Cet B <a 
Pe Sy SS yA \,© 
Thus, with»erespect to the ionization potential, the +I 
and +M effect outweighs the “I, effect resulting in a lower 
ionization potential for the fluorinated ethylenes than 
for ethylene. Clearly, then, the magnitude of the activa- 
tion energy for s (7p) addition is not dependent solely on 
the electron availability in the substrate and is not 
influenced by the mesomeric effect to as great an extent as 


the 1onuzation potential... rom the mono—Ssubstituted vethylenes, 
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Figure 38: Plot of Activation Energies for s (3p) ACLOnmeAGadttaoneto 


Halogenated Alkenes and Alkynes against Ionization 


Potential. (lee. taken from Refenences 66, 92 and 29). 


Dashed line represents slope in Figure 33. 





166 
Vinyl chloride, vinyl fluoride and vinyl trifluoromethane 


an approximately linear relationship exists as shown in 
Pig 2838), “thei line having) 'a’ slope "equal-“to’-that “of ‘the 
hydrocarbon olefins, but displaced toward higher activation 
energy by about 1.2 kcal WOLer a Owen Pearson and Szwarc 
(29) reported a linear relation between the activation energy 
for CF. eddeeLon toy and ‘the Vonization potentialof *the 
following fourseries of substrates, substituted benzenes, 
acetylenes, monoolefins and diolefins. All four lines had 
Similar slopes but different intercepts. This change in 
activation energy among different classes of compounds 
with the same ionization potential would seem to indicate 
eitiemea "greater stabilization of the “transition state” 
for electron removal, than of the transition state for 
radical addition, by the Mesomeric effect, as mentioned 
above, or a marked difference in exothermicities between the 
different classes of compounds since the activation energy 
for an addition reaction is related inversely to the total 
enthalpy change (64). 

Table XXXV also summarizes the published relative 
rate constants for radical addition to chlorinated ethylenes. 


The reactivity of O, decreases rapidly with successive sub- 


¢| 
stitution of Cl, thus’ demonstrating an electrophilic, ten- 
dency. There is a marked difference in reactivity between 


the three isomeric dichloro-ethylenes, with 1,1-dichloro 


ethylene being the least reactive in contrast with both 
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CF. and s (7p) where the gem-substituted compound is the 
most reactive. O37 behaves as a 1,3 dipolar addend and 
its mode of addition is probably more complicated than the 
Olnereraducals (91) with steric hindrance playing a major 
' role. To make a valid comparison between various radical 
additions, the activation energies must be known; all of 
the activation energy data available on addition.to halo- 
genated ethylenes are summarized in Table XXXVI relative to 
ethylene. They demonstrate once again that the effect of 
halogenation on reactivity toward electrophiles is a complex 
one, aS can be seen from the following features: (i) The 
activation energy for addition to vinyl halides seems to 
deceedsemingthne order b> Cl > Br forsall reagents, although for 
the fourth row elements Br and Se, EQ £Or winy.!) ichlorivde 
is less than that for ethylene while the opposite holds 
true for S and CF.. (72) Gemanal substitution of two 


Chloptine wacomns pact. Vates the wunsubstieuted carbon atom with 


respect to CF, and o(7P) BOC Wid Ones. Lor 0 (3p) addveroen, 


3 
as one of the fluorine atoms is replaced by a chlorine atom 
the activation energy increases by 2 kcal mole -, but 
replacement of the second fluorine on the same carbon atom 
by a chlorine atom decreases the activation energy by 1.3 
kcal Wetie (anaes) The activation energy for CF. addition 
reaches a maximum for chlorinated ethylenes with ccl, a ccl. 


while the activation energy for addition to CoFy is the 


lowest of all the fluorinated ethylenes. 
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iii) Acetylenes a3 
The nana activation energies for atomic and free 
radical additions to alkynes are summarized in Table XXXVIII. 
HOwseacne=or the reagents, which are all electrophiles, the 
activation energy of addition to acetylene is about 1.5 - 2.0 
leew mole + higher than tor ethylene.) This result as not 
unexpected Vand 1s) due to the electrophilic tendencies and 
relatively high acidity of acetylene which is also mani- 
fested in its well-known ability to form acetylide salts. 
Methylation of the triple bond increases the electron 
availability to adding electrophiles by the +I, inductive 
effect thereby decreasing the activation energy of addition. 
Substitution of two trifluoromethyl groups lowers the 
activation energy of addition, as shown by the results of 
Br addition, though to a lesser extent than two methyl 
groups, while a similar substitution in the ethylene mole- 
cule causes deactivation. Unlike butene-2 the perfluoro- 
butyne-2 molecule is linear with respect to the four carbon 
atoms and has a shorter C-C o-bond than the analogous olefin. 
This allows overlap between the cylindrically symmetrical 
I-electrons and the filled p-orbitals of the fluorine atoms 
So thaw the +I and +M effects are operative and outweigh 
the “I, effect, resulting in a lower activation energy for 
electrophilic addition. 
Owen, Pearson and Szwarc (29) found an approximately 


linear relationship between the activation energy of CF, 
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addition to and the ionization potentials of a series of 
four alkynes. The line had the same slope as the cor- 
responding line representing the monoolefins, although 

it was displaced from it to higher activation energies. 

Avs ta lame prot eror s (7p) addition, eshown in Fig. 88, 
revealssandurect relationship between BQ and 20ni zation 
potential, though, in as far as can be determined from 


three points, not a linear one. 


B) A-Factors 
i) Olefins 


Table XXXIX summarizes the available data on 
Arrhenius pre-exponential factors relative to ethylene 
taken as 1.0. In general the numbers are accurate 
WiscliweneaeLaccor Oot 55. With the exception of 1,3- 
butadiene, the relative A-factors for olefins fall in the 
range 0.1 to 3.5, the vast majority being less than unity. 

Considering first the hydrocarbons, there is no 
obvious direct tcorrelation between *the A-factor and "the 
Scruccure, Os the olefin. | Fox 0(>P) additions, the A- 
factors are approximately unity within experimental error, 
while those for both s (3p) and GhO(K2) tend to decrease 
withs successive methyl substitution. 4 The A=faetors (ior 
Se(>P), on the other hand, tend to increase with methyla- 


tions A decreaserw in thesA=tactor AsJdue to Stenic 
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is 
hindrance and it has been proposed that the absence of 
Sucimalwetfecteinetne reactions of o (7p) with olefins 
Bras cates anvery loosely bound=transition state (10). 
HVes@linesOtsreasoming would imply aetighter Cransition 
State=for both s(°?p) and Syste, addmtaons , wiLchn is 
not surprising in view of their larger size compared with 
thevoxygen jatom, but does not explain ithe “increasing 
trend in Se atom additions, Thus the effect of the 
successive substitution of the olefin on the A-factor 
NUsteDemateleasl twOr=tOld, COomprisimg EwoO Opposing factors. 
In the case of the 0(°P) additions these two factors can- 


cel each other while for s(>p) and o(x?z) the steric 


2 
effect predominates, and the opposite holds for Se additions. 
In the case of s(?p) additions to the halogenated 
olefins, aS seen in Table XXXIX, all the A-factors are 
greater than that for ethylene indicating a predominance 
Ometcnewenhancing ebrtect.. . Thesaddition of s (3p) to ethylene 
to form ethylene episulfide mS) exothermic by S8ikcal e059). 
If this excess energy is) not "syphoned" off from the 
incipient C-S bonds and equipartitioned among the other 
degrees of freedom in the molecule, the complex can dis- 
eee COuCie It Ghat eLeoc lan ren moll S tilUL LOO teed 
fluorine or a chlorine atom for a hydrogen increases 
the number of effective oscillators, in the RRK sense, 
in the molecule due to the lower vibrational frequencies 


Oofsthe halogen atoms. -epnesefti ciency of F or Cll atoms 
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in partitioning the excess energy and thereby increas- 
Pnigetiew lt fet mesotrlg hot! adduct, has been clearly 

demonstrated by Benson and Haugen (113) who applied the 
classical RRK theory of unimolecular reactions to the 
decomposition of "hot" fluoroethanes. Their system is 


described by the following reactions: 


(Eats a 
GHe aerator. Ee ee CHa s CH. it 
2 2 aa Ae eee 
* Ses 
CHOP CHF ee Ott ee CH, a HE 
* Ka * 
CHoF+CHSF se IN| ets CH5F+ CHF + M 


By application of the classical RRK equation to the rate 
constants k_; and k,, and assuming Ky = 0.272 where Z 1s 
the collision frequency, the ratios Ka/k_y and ka/k, were 
calculated for a series of fluorinated ethanes. The 
relative elimination rate constants for the series agreed 
well with the experimental values, when it was assumed 
that substitution of an F atoms for an H atom increased 
the number of effective oscillators in the molecule by 

I seus) 

Liecan similarly be shown that for the addition 
ant S(>P) to fluorinated or chlorinated ethylenes, the 
excess energy of 60 kcal mole + would be more rapidly 
removed from the newly formed C-S bonds and distributed 
among the other degrees of freedom in the episulfide 
molecule than for the addition to ethylene. The cause 


of this lies with the lower vibrational frequencies 
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associated with the C-F bonds compared with C-H bonds. As 
deresulteomethe “lower vibrational frequencies, the standard 
entropies of fluorinated compound are higher than the 
hydrocarbon analogues. As the ethylene molecule with sp 
hybridization changeSto the sp> configuration of the epi- 
sulfide the C-F or C-H bending modes are "tightened"; 
this increase in frequency can be better accommodated by 
thesC-Pebonds than *by C-H*so*thatethe decrease? in'*entropy 
in going from reactants to transition state is less for 
the fluorinated molecule. 

the sin oly*A-factor groriviny chloride’ supports 
the above argument; Cl is a more effective 'oscillator' 
than F due to its lower vibrational frequencies. 
Aisoy, the minimumere lalivesrate +constantvior trans- 
dichloroethylene indicates a minimum A-factor of 10, 
assuming the activation energy to be the same as that 
FOrev Inve Cruror lvoe. © shies gierA—-Pactors *for -botitetrans= 
J-Duceniemand elrans-drtluoroethy lene than *the-corresponding 
cis isomers are likely due to a greater steric hindrance 
in the approach to the latter olefins. 

The relative A-factors for 0 (7p) addition ete 


CoFy, GSC ERDF *and CGlIe*=scCE "respectively are +0). 2363 4 


aS 2 2 
and 0.5; replacement of one F atom by a Cl increases the 
A-factor by more effective partitioning of the excess 


energy, while substitution of a second Cl atom causes 


Steric *inhibitvon of the treactbiony « Szwarc® (29)! has 
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Pose acedmrnats ther ini tialestep dint both.0( P) and CF, 
additions to olefins is the formation of a o-complex, i.e. 
an attack on a single carbon atom attached to the double 
bond om Thus ,jiouusymmetricaly olefins, the) relative’ A- 
factor was divided by two since either carbon atom can be 
involved. These adjusted A-factors were then taken to 
indicate that the steric hindrance was the only factor 
efiectings thet entropy, of activations) Thus) in the case 
of CF, addi fLOn < subsizututions of one methyl groupyonva 
Carbon atom lowers the A-factor by a factor of V5 while 
substitution of two methyl groups lowers it by a factor 
of V8. On the other hand the values for propylene, iso- 
butene and vinyl fluoride are considered by Szwarc et al 
to be one half that of ethylene, there being only one 
active carbon atom in these molecules as opposed to two 
in ethylene. This rj Bey ge EVE LC based only on steric 
hindrance does not explain the A-factors for CF. addition 
to the chlorinated ethylenes, where vinyl chloride and 
Gen-GuchlerogethyienesiavesangA fact on@equadtetoathatreor 
ethylene and tetrachloroethylene has a higher A-factor 
thangthe 1.,.2-dichloroscompoundjorgthemrals t=dichlero-2y2— 
difluoroethylene although the fluorine atom is smaller 
than Cl. Szwarc has proposed that the steric hindrance 
is effected through the inhibition of the rotation of the 


CF. groups4aboutsthefineipiente¢-Cebondtingthe transi tion 


state resulting in a lower entropy. Thus the constancy 
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Lye 
of the A-factors for 0 (7p) additions to hydrocarbon olefins 


istirationalized by the spherical symmetry of the oxygen 
aLOMmand emes sconsequent wlack iofwajsrotationall degree dof 
Evecdom and sisi (:hereforesconsistent with «the cformation lof 

ano Ccomolex sinitheictransition state for 0 (2p) addition: 

The low A-factors measured by Heicklen and Saunders (12) 
(Table XXXIX) for the reaction of 0 (3p) with the fluorinated 
Olefins do not support this view however, although it is 
possible that a different transition state is involved in 
these reactions. 

The theory that the A-factors are dependent on 
the number of ‘effective oscillators' in the entire mole- 
cule and not just on the immediate environment of the 
carbon atom attacked gains considerable support from the 
results of Tedder and Walton on the addition of CCl. radicals 
to the fluorinated ethylenes (Table XXXIX). These authors 
found that the A—factors for addition to each carbon in 
an unsymmetrically substituted molecule were identical, 
and furthermore they increased with the extent of fluorina- 
tion. Owen, Pearson and Szwarc (114) have Ore the 
relative A-factors for CF. addition to olefins measured 
both in the liquid and gas phases and found that compared 
with A-factors for abstraction from 2,3-dimethylbutane, 
the A-factors for addition were consistently higher in 
the liquid phase. Thus the more effective equipartitioning 


of excess energy occurring in the liquid phase was reflected 


in the A-factor. 
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Finally, the consistently higher A-factors for 


addition of both mono- and diradicals to butadiene relative 
to ethylene are most likely a consequence of the greater 
effective collision diameter of this molecule due to the 


extended IJl-orbitals. 


1i) Acetylenes 

Table XXXIX includes the available data on 
the A-factors of radical additions to acetylenes. These 
are consistently higher than those for ethylene. The 
explanation of Owen et al (29) for the relative A-factors 
of CF. addition seems to apply to all the systems studied 
and is based on the symmetry of the acetylene molecule. 

The effect of symmetry on the entropy of activa- 
tion for addition to acetylene relative to ethylene may be 
interpreted in terms of either of two approaches. [In the 
language of the transition state theory, the expression 
PObGechewA-ractom includes, the products of all. the partition 
functions of reactants in the denominator, and peor oduers 
in the numerator. Hence, in the case of ethylene, the 
denominator includes the partition function of rotation 
Of thesmolecuie around its C=C axis whilejein tne case 
of acetylene, this term disappears due to the linearity 
of the molecule, thus making the A-factor for acetylene 
higher.eerlnethercasevof addi vonsretoy meehyiaace ty lene. or 
dimethyl acetylene, while each of these molecules has a 


rotational degree of freedom about the C&£=C axis, 
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nevertheless the moment of inertia increases considerably 
upon the addition of an atom or radical thus increasing 
Hhescomresponding partition function “in the numerator. 
IVs eneconm UNct Lon wath thelcontribution .of tthe internal’ 
free rotation Ag one methyl group with respect to the C=C 
axis, a mode of motion which becomes operative in the 
transition state, being meaningless in the parent molecule, 
leads to the fairly high A-factor for methyl-acetylene. 

The decreased A-factor for dimethyl acetylene can be 
accounted for by steric hindrance as in the 2-butenes. 

ine cace, the trend in the A-factors dee the three acetylenes 
is very similar to that for the corresponding olefins, 
einylene ;) propylene and the 2-butenes. 

In the language of the collision theory, since 
the initial interaction of an electrophilic reagent is 
with the [Il-bond, the cylindrical symmetry in the acetylene 
molecule as opposed to the planar ethylene molecule could 
be expected to result inve larger etfective collision dia— 


meter. 


CjeuwtietloansictionsState) for s (3p) AdGLeELon sto Oletins 


First of all, the absolute rate constant of 
s (7p) addition to ethylene will be considered. Table XL 
summarizes the available data on rate constants and 
Arrhenius parameters for additions of Group VI atoms to 


ethylene. 
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Sonetoe ing first trewactrmvatronm enerdy OF 
addition or 0(°P) to CoH, a Valier or l.o kcal eile) 
has been measured by Elias and Schiff (94) and a value 
Obwleoukcal fails, by Westenberg and de Haas (93) and 
imoepencent ly by cmitn, (95). Tf we accept this value, 
along with the activation energy differences for the 
Semicsmo soletinsmreported by Cvetanovic (10 )) ‘then, the 
activation energy for 0 (7p) addition to tetramethylethylene 
ee Cole rolema ) awith the exception of propene and 
1l-butene, the activation energies for 0(°p) atom addition 
towell the olerins studied -by Rae are negative. 

Callear and Tyerman (14) plotted the activation 
energies of Se addition to a series of olefins against the 
ionization potential of the olefins and found that the 
activation energy falls rapidly with I.P. becoming nega- 
Pivematueane von! zZal1On POLential Of 9.15 ev. “This predicihion 
has not been confirmed, however, Since no activation energies 
were measured for olefins with an ionization potential as 
low as 9.15 ev. These authors derived an empirical equa- 
ELON which predicts that the activation energy for Se addi-— 
tion to olefin is dependent on the percentage ionization 
of the olefin in the transition state, and has a maximum 
value of 3.4 kcal mole + LOreZeCOe 1 Onaz cd lilo. 

A reasonable value for the activation energy 
On s(?p) atom addition to ethylene can be arrived at by 


estimating the A-factor. This can be done by estimating 
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the standard entropy of the activated complex and applying 


the transition state equation for a bimolecular gas phase 


regctions (100) 


Z Be 
Ne oo (RT) et4Sp /R yl xen 
1S ASp*/R 
ome ee Xl. O e M-l sec-l 
where ASp* = S°(+) - S°(C5H,) —=)S2(S)* gibbs/mole’ and S° (=) 


denotes, the standard entropy of the activated complex at 
an ideal gas pressure of one atmosphere and a temperature 
Gite oo ke Wa. de Morejimea similar calculation (101) 


for-—the~+addrtion-of 03 £0 CoH, and CoH, approximated the 


value of S°(+) by taking the standard entropy of the analogous 


hygrocarbon. Table Xl gives the calculated A-factor for 
both 0(7P) and s (7p) addition to ethylene, by assuming two 
kinds of activated complex, an open diradical and a three- 


membered ring approximated by CH,CH.,O* and ethylene oxide 


Sn 


respectively. The standard entropies of C OF toy 


oe 
 eprecer seneree | 
CH3CH.,O> and CH3CH.0 respectively are 52.457,.38 47.40.09, 
68.7 and 58.1 gibbs/mole (103). The standard entropies 
for sulfur-containing compounds and radicals are approxi- 
mately 4 gibbs/mole higher than the oxygen-containing 
analogues (103) so that for CH,-CH.,S:° and ethylene epi- 
sulfide, we may take 73 and 62 gibbs/mole, respectively. 
The true A-factor would be expected to lie 


between the two extreme values calculated in Table XLI. 


Such is the case for oxygen atom addition where the 
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TABLE XLI 





S° (+) gibbs/mole Mi, Se 
Bet itp esc 
5S. rhesus 
73 Ves 
62 10°: 4 
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measured value of 10?°8 Mes’ close tomthat calculated? for 


the open biradical structure. In contrast to the o(7p) 
atom case, the addition of s (3p) atoms is stereospecific; 
thus we would expect a somewhat tighter transition state 
with partial bonding to both carbon atoms. Taking the 
mean of the two values in Table XLI we get an A-factor 
fon s (3p) additions Got OPGRy, Of the two values quoted 
inelamle “ierommthe ratericonstantl ot? sulfur saddttion, the 
Meth We wor #/ir oc Loe ut sect seems the most reasonable, by 
comparison with Oe eee constants of the other Group’ Vi 
atoms. Therefore, a = lovee ° neces so that the activa- 
tion energy for sulfur addition to ethylene is Vl kcal. 

This value fits well with the values of O and Se atoms 

and is consistent with the trend in selectivities of the 
four Group VI atoms, i.e. the greater the selectivity the 
lower the activation energy, as can be seen in Table XL. 

To: restate! tthestfionreqoings;, athe thei A-Dactornestor 
Aadit2onto£ s(?p) to ethylene is the same as for addition 
of o(?P) aig See) atoms and if we accept the value of 
keCSa+ CoH,) =a xX Hoe Mt ehc ee then the activation energy 
for s (7p) addition to ethylene is about 1 kcal. 

Thiswmasmars trong Tndicationgthacethe? activarion 
energy for s (7p) addition to the higher olefins is negative. 
Perherectivation energy for addition to tetramethylethy lene 
were not negative, then ethylene would have an Eg, not less 


= : EE Agee 
than 3.36 kcal mole = Assuming k(S + C.H,) ee (exe LOM 





bivow aw & 


1r 









7 7 
- * 
23it. svlev ak 






a | 


* ew 
= - are 
2ini. ‘ 
f ; 





~' 


185 


sec 7, PnemAetactor ie 2 x 1055 Mirssec’.., This is. an 


impossibly high value, since reactions are known (see 
Chapter IV) that have an A-factor 8.4 times as high as 
thateror s (7p) + ethylene, and this would exceed the gas 
eco liveron frequency. It is possible, though, that the 
lowerevaluevor Woy x ae fOr wnev rate constant e1s) correct, 
in which case the activation energy for s (7p) addition to 
ethylene would have an upper limit of 5.4 kcal olen and 
would be equal to 4.7 kcal mole, if we assume an A- 
EG Ye) A@pe (ous er Pe um sec. 

The potential-energy barrier for any elementary 
process cannot be negative; therefore, a "negative" 
activation energy must indicate some complexity of the 
process. Shimomura, Tolle, Smid and Szwarc (104) have 
reported negative activation energies for the propagation 
step in the polymerization of polystyryl anions. They 
suggest three possible explanations for this phenomenon, 
two of which#involvessolvation of the ions. The third 
possibility is applicable to the present study and has 
been invoked by de More (101) to explain the anomalously 
high activation energy and A-factor for 03 addition to 
acetylene as compared with the same addition to acetylene. 
The mechanism can be applied to the s (Pp) + C,H, reaction 


vue 
as follows: 
Ka 
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SiGaP)) k CoH, Ge hos. | — (ES) 
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A fast reversible reaction produces minute 
amounts of a sulfur-ethylene complex and is followed 
by a rate-determining unimolecular rearrangement, 
having rate constant Kae to form an excited episulfide 
molecule. Assuming a steady-state concentration of 


the sulfur-ethylene complex, 





a(S). 
Ge ep ot ese 
ie ok 
7 ie 
5 
x % 
k tan Cc a 
eff teeta 
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The unimolecular step becomes rate determining 


Wheelie). Kk, SO that 
b ce 


K ore = Aeon oC Sane + Ey - EJ /RT 








The activation energy becomes negative 


when ED > ES + Eu or when the exothermicity of 


the complex forming reaction exceeds the activation 
energy for the unimolecular rearrangement, i.e. ~AH = 
ED = ES > Eas The reaction path is illustrated in 

the diagram below. 
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By, 


Sa CoHyt 


Potential 
Energy 





Reaction Co-Ordinate 


Figure 39 


The complex which lies at the potential energy 

Minimum at B represents a IIl-complex, while that at D is 

a o-complex, so that Fig. 39 is similar to that suggested 
by Cvetanovic (89). The major difference between the 
two descriptions is that, while Cvetanovic believed the 
crossing of the potential energy barrier at A to be the 
rate-determining step, it is proposed here that the cros- 
sing at C is rate-determining, so that the transition 


state lies at C and not A. Whenever the potential energy 
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atiCeismeniqhensthan®thatrof sthe s (3p) Hs CoH at infinite 


4 
separation, as represented by the dotted line, the activa- 
tion energy for the addition will be positive. 

mhespresent description "of ithe treaction (path 
affords a much more logical explanation for the relation- 
ship between the activation energy and the ionization 
pDOLENtralwoLethetoleirns! “According ito iCvetanovics (89:2) , 
the activation energy for addition is E, (Fig ahs? jaadad 
decreases with decreasing ionization potential of the 
Olefin due to a lowering of the crossover point of the 
repulsive and attractive surfaces. In the present 


description the activation energy is Eo ‘+ AH (AH. being 


a 
negative), so that the activation energy is determined by 
the @depthioiethe potentual wellwat Byitparticularly if BE. 
remains approximately constant as it should (27). The 
depth *of the» potential well, at'B which represents the 
stability of the Il-complex, is, in turn, dependent on the 
ionization potential of the olefin and the electron affinity 
Ofathe attacking atom or “radical: 

There are two further objectionsi(to *Cvetanovic's 
representation, as raised by Stefani and Szwarec (27). 
Firstly, there is no valid reason to expect a high potential 
energy. barrier win) I-complex ‘formation y® Petthespotential 
energy barrier at A existed, it would be due to repulsion 
between the Il-electrons of the olefin and the free elec- 


GlOWs (On sthes OXV/densonssuliur atom, aendethicerepulsi on 


oe 





pe. 
va feqee 


verona 6 mc 





Bae) 
would be expected to increase as the electron density 


of the double bond increases leading to an increase in 
the activation energy for addition with successive methyla- 
tion. This is contrary to experimental observations. ‘Also, 
methyl Pearce eact eleven times more rapidly with CoF, 
than with CoH, due to the lower electron density in the 
fluorinated molecule and consequently lower repulsion: in 
this case the repulsion is not balanced by attractive forces 
Since no Il-complex is formed. It is unlikely that the 
range of any repulsive forces would be larger than the 
range of attractive forces resulting Peon Chewchargesterans -or 
interaction. 

Secondly, if such a barrier does exist, then it 
is superfluous to consider a lower hump separating the I- 
and o-complexes. The system would acquire the necessary 
excess of energy in passing the first hump, and conceptually 
the second hump would only be of significance if a mechanism 
existed to dissipate the internal energy of the complex 
before it reached the o-complex stage. In a radical or 
free atom addition, it is unlikely that such a mechanism 
exists. 

The dvagrainern) 1g. 939, Can thererores bemrevirsced 
by setting E, = 0, so that the reaction path is represented 
by the following diagram, with the dotted line representing 


; : ; : , 3 
an olefin having a negative activation energy for S( P) 
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3 
SH “P) ; CoH, 


Potential 
ENeroy 


Reaction Co-ordinate 


Figure 40 


or 0 (7p) addition. The IIl-complex in Fig. 40 has the fol- 
lowing structure: 


iS 64: H 


in which the sulfur is not attached to either carbon 
atom of the double bond. The greater the polarity of 
the JI-complex, the lower will be the energy of the transi- 
tion state. 

According to the proposed reaction course as 
shown in Fig. 40, the transition state lies at the hump 
between the IJI- and o-complex and therefore resembles a 


o-complex. Cvetanovic ( 89) reasoned that the transition 


ie wid Je 25nl sunita —rre ats et: 6 
al ee —y siete) ve 


ei i 
f a «4 -_ bse . 
8 ‘es aaa goa anos ats a | 
oo ; ae ee er ey aan 
z anwad babi 7 J5n? PenQesor | 





194 
state for 0 (3p) addition had to resemble a IIl-complex and 


that consequently there had to be an energy barrier prior 
to the Il-complex stage. His reasoning was based on the 
following experimental observations; the rates of O 

atom addition to propylene and l-butene were equal as 

were the rates of addition to 2-butene and 2-pentene, 
Indicating sematwarmethy!  gqgrouptandtan ethyl .grouptbeth 

had the same effect on reactivity; however, in the case 

of 2-pentene the oxygen atom addition took place exclusively 
at the double bonded carbon atom to which the methyl group 
was attached. If the same factors governed the over-all 
reactivity andvthesorrentation;mabout vequal vadditionte 

the two doubly bonded carbon atoms in 2-pentene would be 
expected. Therefore the transition state responsible 

for the observed activation energies must occur early in 
the reaction i.e. before the oxygen atom becomes oriented 
on one specific carbon. This reasoning is compatible with 
thew ceaceLOnepacheLllustratedGin Frgw40feit, an the o- 
complex, the oxygen atom is bound to both carbon atoms, and 
the intramolecular rearrangements to form carbonyl com- 
pounds occur at a later stage. The o-complex visualized 

by Cvetanovic was a triplet oxydimethylene biradical with 
some ZwWitterion character, so that the oxygen atom had 
become attached to a specific carbon atom in the transition 
state. This biradical structure was invoked in order to 


explain the lack of stereospecificity of o(7P) additions 
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to internal olefins. However, the non-stereospecificity 

of the addition is still feasible with the oxygen atom par- 
tially bonded to both carbon atoms, if the partial bonds 
are weak enough. While the bonding in the (S(°P)s CoH,) 
o-complex is probably stronger than that in oxygen, never- 
theless the reaction is not 100% stereospecific. 

The results ofithe addition of CF. radicals 
to benzene and some of its derivatives (105,106) suggest 
Enareamc-cabond is beinog formed ginvthe transition state. 
Thesemradacals, being highlytelectrophilic, probably form 
a IIl-complex in the early stage of the reaction as their 
activation energies for addition to substituted benzenes 
are linearly related to the ionization potentials (29). 
AlsovozwaLlcecteals (@2)/)) efoundythatetherLoquofethenrelative 
rate constants per reactive centre for CF. addluion.t&o 
aromatic compounds was linearly related to the localization 
energies. This means that for this electrophilic radical 
the transition state resembles a o-complex. 

If,then, the transition state for oxygen or 
sulfur atom addition is not a biradical and is a o-complex, 
the question arises as to its detailed structure. Ina 
recent study on the low temperature addition of 0 (7p) 
atoms atone cis) and trans=2sbutenemg(10 7 )Mandetow2-methyl—2— 


pentene (108), Scheer and Klein have proposed the following 


scheme to account for the experimental observations. 
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CH | He + * CH CH ,COCH 


se wee 2m 


C=C Bee (oes 


Cee 
3 
cf, Nu CH Sy aes SAM 
CH, H 
als 
& vi H (cH, ) ,CHCHO 
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In the reaction with trans-2-butene at 77°K, 2- 
butanone and trans-2,3-epoxybutane constituted over 903 
of the products. The % yield of these products decreased 
with increasing temperature but their ratio remained 
eonstamt at all temperatures, as did the ratio of cis= 
epoxybutane to isobutyraldehyde, regardless of whether 
the starting olefin was cis or trans. This implied two 
precursor states, one leading to trans-epoxybutane and 
2-butanone and the other to cis-epoxybutane and iso- 
butyraldehyde. The proposed structure of these transi- 
tion States, in which the oxygen atom is weakly bonded 
to both carbon atoms and to any hydrogen atoms on the 
same side of the molecule, is based on the observation 
that in’ the cis isomer the methyl group migrates 
while in the trans isomer a hydrogen atom migrates. 
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ihevuncoupled “electrons are’ not localized on the oxygen 


Orpacarbon atoms. 

At 77°K, the addition to trans-2-butene was 
highly stereospecific, the total epoxide yield consisting 
of 94% trans anal Cecio ee HiewdeuLees oO lms LeCeCOspect i ci ry, 
decreased as the temperature was raised, indicating a 
considerable energy barrier to rotation. The two isomeric 
transition states are not’ in equilibrium since the ratio 
of epoxides is* ditferent  for* the’ two-starting’ olefins.’ The 
high dependence of their rate of interconversion on tem- 
perature suggests that this takes Piece before any appreci- 
able enthalpy is released; thus, the partially formed C-O 
bonds in the transition state are very weak resulting in 
a structure very much looser than that of the final 
epoxide. 

PMhescycive sthucrure= for thias*’addrtion reaction 
is further supported by the A-factors for addition to acetylene 


and ethylene. The ratio of A v4 can be explained 


/B 
Sota oe) 


by the difference in standard entropy between a cyclic 
Sseructure st Oretie =transition=state™ of “Or CoH, and "al finear 
one for O + CoH, (493.5 

The features of s(?p) addition to olefins are 
similar to those reported by Scheer and Klein for o(?P) 
addition. Although the additions of both s (tp) and s (3p) 


atoms are equally stereospecific, the degree of stereo- 


Specificity ms difirerent for sthevaddrtion etowthe cis "and 
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AES) 
trans isomer, aS in the case of 0(?P) atoms, PThRusteat zoom 
temperature7a cis. ands trans-2=butene) retain theirs configuration 
in the episulfide product, respectively, to the extent of 
873 and 983. ( 8 )=anForicisiand trans 1)2-dichloro-ethylenes 
recente oneisms0s andeg0terespectivelyjai(ed Jnwhiley fon trans 
and cis 1,2-difluoro-ethylene the configuration is 
retained to the extent of 80% and >983% See nemiweke (e590m) i: 

Tne newcascemor, trans-difluoroethylene at least, the degree 
of stereospecificity is temperature dependent, as shown by 
tChepdatas uny Tableaxcxvil. 

The current hypotheses of stereospecificity of 
addition of divalent species to olefins have evolved from 
methylene chemistry where it has been shown that the lowest 
Singlet state of methylene adds stereospecifically while 
the ground state triplet does not. Three schools of thought 
on the subject exist and may be summarized as follows. 

2) 6 The concept) pu tbeefomvards byrSkell tnd Woodworth, (109) 
proposes that singlet species add across double bonds with 
sam Nan cous Lormatbionnot; two; bondséve Wi thytraple additions, 
the primary adduct is believed to be trimethylene triplet, 
insiorder: to» conserve: spins’ Cvetanovicvet, alm(-/4.)ehave 
reported convincing evidence obtained in an isotopic label- 
Lirnvewistudy’ that, imithe jaddutaoniio mit maple Gime thydiene juga 
biradicaly is? indeed) formed: having “ittle on nos interaction 
between the terminal carbon atoms. 


2) De More and Benson (110) have suggested that both 
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singlet and triplet methylene addition give rise to a short- 
lived biradical intermediate and that the degree of stereo- 
specificity is' determined largely by the relative rates of 
rotation versus ring closures rather than by the spin state 
of the reagent. Dhesemauthors iceleudvated! aneactivation 
Snerjymbarrieriv Oye ngg.c losurechotmabouta l0akcalwasof that 
the more energetic singlet methylene would lead to more 
rapid closure. 

3) The results, of extended’ Huckelocalculations, 
reported by Hoffman (111), have revealed the existence of 
a Singlet trimethylene intermediate, having in the ground 
Sleceronice cont gubat 1Onge age-C=Cecanglesofid25oeandi tri= 
gonal terminal methylene groups coplanar with the carbon 
skeleton. This excited state has an energy barrier to 
internal rotation of about 10 kcal and the most facile mode 
OLyreaction,issCclosurestoscyclopropanesviahay conrotatory 
motion of the terminal methylene groups, the activation 
enexrgysftorgwhich ispabout)ilekcal.« Thefpotential surface 
for the excited configuration, however, consists of a broad 
minimum indicating an excited state in which there are no 
barriers to rotation about the C-C bonds. The lowest singlet 
state of methylene, ides has the ground electronic con- 
Eigumationgand, q«sincepitycorrelates wath theequoundgecon- 
figuration of trimethylene, adds to an ethylene molecule 
to form a cyclopropane-like structure resulting in a stereo- 


BpecLELGereactLonewmOnumthe Other shandjathegtripietezmethy lene 
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species (*B,) and the upper singlet (tp have an excited 


1) 
electron esconti guration wand on addition to ethylene will 
Pacem thronughethes st loppy  ibiradical in which free rotation 
Eakesceplaces sabout#tne C-C bonds. The major contribution 
of Hoffman's Bendy is that the stereospecificity of methylene 
additions to olefins can be rationalized in terms of the 
orbital occupancy or electronic configuration alone without 
recourse to spin arguments or energetic considerations. 

The hypothesis of Skell and Woodworth is clearly 
inadequate to explain the stereospecificity of s(4p) and 
s (3p) atoms. Since the excess energy ate 2 6mk Gay ails con- 
tained by s (tp) atoms does not alter the stereospecificity 
the argument of de More and Benson is difficult to assess. 
Both the s(°p) and s(ts) atoms have the same orbital occupancy 
i.e. one electron in each of two degenerate p-orbitals, 
thus, following the arguments of Hoffman they might be 
expected to go through the same intermediate and perhaps 
correlate with a ground electronic configuration of thio- 
dimethylene as in the case of CH, ("A,). This intermediate 
could have a structure somewhat similar to the excited 
state described by Hoffman. 

Recently, Lown et al (61) have investigated the 
thermolysis of some episulfides and have concluded that 
the reaction, which is first order below 250°C, proceeds 
via a long-lived excited state of the episulfide molecule. 


The proposed intermediate, [l-thiacyclopropane has the 





ouotdd eeaq 


-, 
bared f 


+ § a a Oe 
——— er 








198 
following structure, 





and is analogous to the excited cyclopropane 
described by Hoffman, with the important difference 


that the terminal methylene group is not in the 


plane of the CCS skeleton, but has a configuration inter- 
mediate between the planar structure and the original con- 
figuration in the olefin molecule; hence if ring closure 
is effected by conrotation of the terminal carbon and the 
sulfur atom, the stereochemistry of the reactant molecule 
is preserved. This structure is not unreasonable for a 
sulfur containing species, and is made possible by hybridiza- 
tion of the filled and half-filled p-orbitals of the sulfur 
atom to form two equivalent hybrid orbitals which can inter- 
act with the p-orbital of the carbon atom. This species 
has been proposed also as an intermediate in the addition 
Ou s(>p) atoms to olefins and thus corresponds to the o- 
complex in Fig. 40. 

Thess translit Oies tacemLo. s (7p) addition to ethylene 
may be envisioned therefore as having a structure which is 
intermediate between JIl-thiacyclopropane and the ethylene- 


sulfur IIl-complex, and having considerable polar character, 
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the negative charge being on the sulfur. The complete 


BeacETOnspathets, Shown jin ig... 41 below... Rotation about 
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40 kcal ; 5SGlkcar 


Reaction Co-Ordinate 


Figure 41 


the C-C bond can probably take place in the activated com- 
ak 


plex with an activation energy of several kcals mOolewae: 


SeenmOUGh pe LOC) CUSmandetlans. Usomers are not ansequidtbrium 
at normal temperatures. At relatively high pressures then, 
the activated complex will rapidly pass through the inter- 
mediate thiacyclopropane and undergo collisional deactiva- 
tion to the ground state ethylene episulfide. At low pres- 
sures, the vibrational energy of the II-thiacyclopropane 


will not be removed as rapidly and the complex can alternate 
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between a vibrationally excited II-thiacyclopropane, the 
transition state and the separated reactants, so that a 
Mi weUC emo Secdndsstnans episul fidess.and olefins can 
result. A recent study by Schmidt and Lee (112) has shown 
Ehateoucia Sethe vcascec with cis-2-butene. These authors 
PHOLcolyzedwammiuxtuLe, Of COS andicis-2-butene, at, about 
PeCOrrepreccitomonde tOund that tne crs—2-bucene Leomerized 
LOmCOCm LLancei comer swith a quantum yteld ot 230._ s[he pro- 
posed chain carrier was the s (7p) atom. 

| Further evidence for the proposed transition 


state is given in the following two chapters. 
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CHAPTER IV 
INVESTIGATION OF s (7p) =) OLEFIN SYSTEMS AT LOW PRESSURES 


A) Preliminary Experiments 


The additwon of ground state sulfur atoms to 
ethylene is exothermic by 58.5 kcal mole +. Due to the 
relatively low number of degrees of freedom in the 
newly-formed 'hot' episulfide molecule, it is probably 
a fairly short-lived species, and would therefore be 
expected, at low pressures, to undergo unimolecular frag- 


mentation, or rearrangement to the thiodimethylene biradi- 


cal which could then undergo polimerization, as follows: 


* fa ° 
(C,H,S) > CH.,CH,S 


¥ 


*CH,CH.S- Je CoH, * CH CH,SCH6CH. * 


> tetrahydrothiophene 


*CH,CH,SCH.CH.° + nCoH, > polymer 


In the case of fragmentation, the following chain 


reaction (11I2)) might obtain: 


| 3) 
* 
(C,H)S) =a CoH, + S(~P) 


* 
scp) + nye Senicmi fs) 


x 3 
(CH,S) eR gtL eataes. (as) 
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terminated by the reaction 


s(>P) + s(>P) reeeMia => S. onMe 


Such reactions of a hot episulfide molecule 
should be manifested in a lower ethylene episulfide to 
CO ratio, as the pressure in the system decreases. 

In jerdersto jinvestigatetthisaeffect ma gas 


Mie bure was Made tip of COS, CO. and CAH, and photolyzed 


2 274 

at different fotal pressures. The ratio of these three 

components to each other was chosen such that there was 

sufficient CO. present to deactivate all the s (1p) atoms 
to the ground state, and sufficient CoH, to prevent the 

abstraction reaction of s(?p) atoms wien COS. sin order 

to vary the pressure, therefore, aliquots were taken of 

amscsture Ores 0) Eorr .GOS., 940 torr CO, andme40*torr CoH, 

measured in the photolysis cell. 

The results of the preliminary study are shown 
timetables it teanc thegrativo Of ERS/CO 415 \plhotted against 
CeCe Geosune mi err Ge 42.) ht us Clearetromet Gm 42eunac 
there is a marked decrease in the EES/CO ratio with pres- 
sure, but the decrease is not smooth and other factors 
must be involved. For example, in runs #428 and #429, 
the total pressure is the same, yet the yields of episulfide 
per wwmole CO are very different; this must be due to the 


difference in irradiation time, indicating some secondary 


reaction whereby EES is removed from the system. Also, 
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runs #432 and #433 were carried out in a one-litre bulb, 
fitted with a quartz window, and give an anomalously high 
BEo/COMEationg cince the amount of ethylene lin the 1-litre 
bulb was about 5 times as large as that contained in the 
quartz cell, it seems that ethylene is effective in pre- 
venting the reaction by which EES is removed. 

In order to observe the pressure independent 
depletion of EES, a series of runs was carried out at 
constant pressure; these are summarized in Table XLIII 
and) Pigm ¢3ishows the corresponding plot of (zES yield 
against CO yield, the latter quantity increasing linearly 
Wiehe ciEagvat.om time. | rhe two. most, likely froutes for 
the time-dependent disappearance of EES are via (a) secondary 
photolysis of the ethylene episulfide and (b) reaction of 
EES with s(3p) atoms, Since either of these would result in 
a steady-state concentration of the episulfide. In order 
to check out the first possibility the light source was 
varied as indicated in Table XLIII. Ethylene episulfide 
starts to absorb weakly at about 3700A, with a weak maxi- 
mum around 2500A and an intense maximum just below 2200A 
(115). COS has a maximum absorption at 2290A( Zor oy. 
using a Cadmium resonance lamp instead of the Hg-arc, the 
effective wavelength was changed from about 2490A to 2288A, 
yet this had no effect on the steady-state yield of epi- 
Suvtide,. asesiovwneinerig.43 8 SlMidarly ei nSemritoOn Ola 
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The pressure of COS in the system was then increased 
by 10 torr, again leaving the steady-state yield of 
ethvVlenesepusulivdesunchanged. sThusspossibility (a) 
was ruled out. 


The partial pressure of CoH in the system was 


4 
then increased, resulting in an increase in the steady- 
state concentration of EES. Therefore, the constancy of 
the EES yield is due to competition for s (Pp) atoms 
between CoH, and EES. The reaction of s(?p) atoms with 


EES may be tentatively assumed to be an abstraction 


reaction, as follows: 


B) Steady-State Treatment 


The system can be described by the following 


scheme: 
cos + hv Piecote sip) [1] 
s(*D) + CO, + Ss(*P) + CO,” [2] 
SGP C,H, + EES* [3] 
EES* + M EES + M* [4] 
EES * CoH mges (eo) [5] 
s(3p) + EES CoH, + S, [6] 
nS. Son [7] 


The proposal of reaction 


[5] .for sthesunimolecuiar 
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fragmentation of ‘hot' episulfide, rather than a poli- 

merization reaction via the thiodimethylene biradical 

is supported by recent results of Lee et al (112). 

These authors, photolyzed, a mixture ol COS and ciss2—butene 

at about 1 torr pressure and reported the isomerization 

Ometie whore ULene lO tiie’ trans 1SoOmer with a2 quantum 

yield of 300. The proposed chain carrier was oepe 
Assuming a steady state concentration of both 

EES and EES* in the above scheme and following the usual 


treatment we Gec: 


ad{EES] | g 
pee OIBES SIM Goce lS) (EES teed 0 

k, [S] [EES] | 

caenpee Uke Sani eee (i) 

a[EES*] _ : : ] 
dt = k,[S][C,H,] - k,[EES*] (M] - k, [EES*] = 0 

ke (SdalGaka, 1] 

= 3 2 4 ae 

[EES*] = Ry esa. (ii) 


Conon wid. (l)ssands (123) 


k, [S] [EES] . k,[S] [C,H] 
k, [M] Kk, [M] SP kK. 
te [EES ] k k, (M] 
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A Bice of [C,H,]/[EES] against Tae where [M] is 
the total pressure in the system and [EES] is the steady 
State COoncentratton, snould give a straight line with an 
MILencemt vequals £O ke /k, and a slope equal to keke /k3k,. 
Tieereculitomoimarstudy Of «her VarlLation Of [C,H,]/ [EES] 
with pressure are shown in Table XLIV and plotted in Fig. 
44. The ethylene pressure was measured in a standard 
volume and the runs were carried out in three different 
volumes, alquartz cell (volume v200 ml), a l-litre bulb 
and vaoaititre bulb. Hach of these three volumes was 
accurately calibrated against the standard volume, which 
in turn was calibrated against the gas buret. The G.L.C. 
peak area for EES was also calibrated against the gas 
berets hus, ethe CoH, pressure, the total pressure and 
the steady-state pressure of EES could be calculated in 
either of the three reaction vessels. The precise volumes 
Girches ceaction vessels were 2,997 m1,| 4,106, mi and 250.0 ml. 

A least mean squares treatment of the line in 
Fig. 44 gave the following values for the slope and inter- 
Seppo ton ap95s) Conrtidence level: 

Intercept ss ke /k3 = 139 + 24 


Slope = k/k3 . ke/k, =e (LO Oma we 0G) mes 10° GOEL. 


i] 


Therefore ke /Ky Ved elomenr 


3.85 x Ton” moles/litre 


Reactions [5] and [6] will now be discussed 


separately. 
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C) Fragmentation of 'Hot' Episulfides 


If we assume a collision efficiency On 
unity for reaction [4] we can calculated an upper limit 


for the unimolecular rate constant kee 


The collision frequency is given by the follow- 
ing expression (103): 


Sake 
U 


If we assume an average collision diameter for the quench- 


me = iY 
Ia Ni 6? ce. mole i sec — 











° 
PiGedas amos tsotmwhicheas CO, 7 or 5. 0A, then 


2 


14 


Vt Tos PON TE AUG en fee = apse 


Ee Te a Re ae ase anes Seem e5 xe 10n =seen 


Rio) Descnipc i cece: 


Althéugh an upper limit, this value,;is probably 
very close to the correct value since the 'hot' episulfide 
only requires the removal of a few kcal mole + of energy 
in order to prevent it from returning along the same 
reaction path by which it was formed. Thus one or two 
collisions with an efficient deactivator such as CO. should 
be sufficient. 

| An approximate value for Ke CalepeCeaLbavecuat 


by means of the classical RRK equation 


at ES ne eae 
Ce ae E 








Following the treatment by Strausz et al (61) of the 
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thermal decomposition of ethylene episulfide we can set 
n= 5, as the nese value for the number of effective 
oscillators. Fig.45 shows the proposed reaction surface 
and the approximate energies of the intermediate. The 
reaction co-ordinate may be assumed to be the distance 
between the sulfur atoms and the centre of the C-C 
bond. Thus the activation energy for decomposition to 
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The A-factor for the decomposition would be expected 


to be quite high and is probably greater than ee The 
decomposition of CoH_* has an A-factor of igo (116) 
while the A-factor for CF,H,* fragmentation was taken by 
Benson and Haugen (113) to be atu Seok, LE we arbitrarily 
assign a value of fhe Sec. COs the A-tactoneror C,H,S* 
decomposition, then 

k. = 5.7 x 10° sec? 


This value, then, agrees with the experimentally 
determined one if we assume A = 0.62 for the collision 
efficiency,.\so; that; the./hot' episulfide requires an 


average. Ofes.,.6 colli stonsstosproduces stabiuazation. The 
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approximate lifetime of EES* is therefore about 2 x 107° 
sec. 

The thermal decomposition of ethylene episulfide 
(61) occurs via a different reaction path so that the two 
unimolecular rate constants cannot be compared. The 


difference in the two reactions is illustrated in Fig. 45 


where the thermally activated molecule (below 250°C) 






I-complex 


Reaction Co-Ordinate 


Figure 45 


is represented by B, and the high pressure rate determining 
Stepan Om tsyGecomposi tion 1S the: crossing sof the energy 
bauriereat CC swithpan, A=ractor of Were? aaa. The 
chemically excited molecule resulting from addition of 


s (3p) to ethylene is represented at A and its unimolecular 


fragmentation occurs by crossing the barrier at D, 
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presumably with a much higher A-factor than in the thermal 
case. 

Using the relative rate ke/ky ae) CeO, aL ecan 
be shown that even at a total pressure of 1,000 - 1,100 
torr, the pressure range at which the Arrhenius parameters 
WeLemINcaSUuGedmUCt chapter Ltt) reaction [5] occurs to a 
small extent. “If"there is a sufficiently high concentra- 
tion of C,H, in the system to eliminate reaction [6], then, 


2.4 


assuming a steady state concentration of EES* we get 


a(EES*) _ ia Z = 
=F Ree k,[S] [C,H,] k, [M] [EES*] k, [EES*] =30 
-.k, [8S] [C,H] = k, [EES*] [M + 72] (iia) 
R(BES) = k, [M] [EES*] (iv) 


Erome lis) and £1) 


i M + 72 
k3[S] [C,H,] = R(EES) 7 
At a pressure of 1,100 torr: 
k,[S] [C,H,] = R(EES) (412065) 


Thus, about 6% of the newly-formed episulfide 
HSeLOSthbye@Gragmentation. WeAccordingly,; athesrelatavesrate 
Value OL (666 son s (7p) addition to propylene will be 6% 


LOOsnEGh, wihichelsehardlymoutsidegthesexpenimentalgerror,. 


216 


. 
G » 7 ¥ « _ 
j 7 
4 
- ip 
Fr 4 oe 
+ 4 4 . : ah bul ad ~w bid é 
i] 
\ 
; 7 & 
(2 > 






i 


~J . ybsese a olla 6 


‘ = wo | 1% 
Shititietgs bemsot-yiwen ont to €9 tuo de! anit 7 
| _ | J ere 

Sv ije1e7 S03 ,¥ -pntb xoOoDs i snoksad TOTS xz 
ore is 








Za, 


s(?p) + C3H. System 


Due to the larger number of degrees of freedom 
in the propylene episulfide molecule, the newly formed hot 
species should be quite long-lived. Assumina the number of 
effective oscillators in propylene episulfide (PES) to 
be 9, and applying the RRK equation, one gets a unimolecular 
5 sail 
c 


EragmeutacitonmracescOnstant ‘of about 5 x 107 se for 


PESG*ee Pens, LOnmra fixed C3He concentration, the steady 
state’ concentration-of PES would only decrease to half 
its limiting high pressure value, at a peerage OLyapout 
0.1 torr. It is not feasible to study the present system 
at such low pressures, however the data in Table XLV 
show. that down to a pressure as low as 12 torr the 

CH 


/PES ratio remains the same. 
6 


D) The Reaction of s (7p) Atoms with Episulfides 
Results 


S (3p) + CH,S System 


2.4 


Thes products of the reaction, of s (3p) atoms 


with ethylene episulfide have been tentatively proposed 


to be = and ethylene (Reaction [6]). The steady state 
treatment of the mechanism yielded the relationship 
k k 
i 6 5 ; Jo 2 
[C,H,] = |[EES] a (GE ss K, (MD where [EES] is the limiting 
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ethylene episulfide pressure with respect to irradiation 

time.  Thuswal plotwor [C,H] against EES )|wat constant 

DHessuremshouldayvie ld aystraight Jine through! the origin. 

Pug. 40, plettedertrom the data in Table XLVI shows such 

aeleine ethiems Ope OL which as 4170. “This result 2s in good 

agreement wathathatgobtained from thegdatawini Table XLIV. 
Table XLVII shows the results of a study of the 

variation of the relative rate ke /k, with temperature. The 

total pressure in the system was 946 torr at room temperature; 

thus, from the steady state equation, Ke /k = [C,H,]/[EES] 


+ 1.076 at room temperature, where [EES] is the steady 


state pressure of EES in the system. At temperatures above 


27°C, however, the value of ke /k, is enot Known. (Ke varies 
il 
With temperature asge I; ky = AZ and Z, the collision fre- 


quency varies as r2, but the dependence of the collision 
efficiency, i, on temperature is unknown.) In the Arrhenius 
DlLOt mr enererore, awiach 1s. shown ain Fig, 47, k/k, is taken 
to be [C,H,]/ [EES] so that the relative Arrhenius parameters 
calculated are not precise. The A-factor for abstraction 
relative to addition may be high by about 7%. A least mean 
Squares treatment of the data in Table XLVil for a 95s) con— 
fidence level yielded for the relative Arrhenius parameters: 
i 


E, - E, = 1.84 + 0.20 kcal mole 


Factor, of lho. 


and Ag /A3 = 8.3 within a 
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s (7p) - C3He = CHES System 





In this system, the competing reactions are [9] 
and [10], since all the newly formed episulfide molecules 


abescOollisionally! stabilized. 


s(3p) + C,H. + PES [9] 


eye ot s(>P) Cat tee [10] 


Ky 9/Ko is given by [C,H ]/[PES], where [PES] is the steady 
state pressure of propylene episulfide. From Table XLV 

it is seen that Ki 0/9 =——§33 ‘ato 2/°CG. Table XLVIIT shows 
themvariatyvon of Ki 9/Ko with temperature and the correspond- 
ing Arrhenius plot is given in Fig. 48. A least mean 
squares treatment of the data, for a 95% confidence level 
yielded the following values for the relative Arrhenius 
Dakamerers: i —-| E =, Set. ey aicerL mole + and 


a 10 
Ay 9/Ag =O eaewithiniewaer actor (OL  li2e, 


Discussion 


mie products Of reaction [6] cannot be cCetected 
in the present system; thus, there is as yet no conclusive 
evidence ree the proposed reaction [6] correctly describes 
the process by which ethylene eptetende is removed. It 
is desirable therefore to examine any other possibilities 


which might exist. 
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For example the Sos formed in reaction [6] 
might be capable of abstracting a sulfur atom from an 
episulfide molecule. The system would then be described 
by the following scheme, assuming, for the present pur- 
poses, that all the initially formed episulfide undergoes 


collisional deactivation: 


3 
S(~P) + CH, 4> EES [34 
5 Gm) LesimEcec hoc. 7 ls. [6] 
evil 2 
213 
Sey, by at EOE, aes, Neer [7] 
S,. + EES ae Soe eC dL, [8] 


At long irradiation times, we can assume a steady 





State concentration of both So Sncehes. Thus, 
GtEES) >. la Ps 2 
aE = k,[S] [C,H] Kk, [S] [EES] kg [S,] [EES] 0 
ais5! 2 
= = Ke [EES] [S] - k5[S,] [co.] = kg IS,] [EES] = 0 
2 
kg [S,] [EES] = k, [EES] [S] - kj [Ss] [Cco, ] 
2 
[S,] [CO.,] ae 
k,[C,H,] = 2k [EES] - Sm Sm (a aa) 
Brom equation (111), 2 plot of [BES!/ against 


: ‘ ; : 2 . 
[C,H] WOULGSNOteGiLVe cl Stral que slane | since [S,] 7(Si4is 
a function of the other variables, [C,H] and [EES]. No 
curvature is apparent, however, in the plot. in Fig. 46 


indicating that the above mechanism is unlikely. It is 
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possible that the last term in equation (iii) is negligibly 
email, on woien Case the quoted value of ke /k3 is high by 
Gera CeOrmot 2...) Furthermore, S31 Sy and Sc may abstract 
sulfur from ethylene episulfide, so that Ke /k3 would be 
DEQheoyasta@tOmeores, 4°00 5 respectively. It is most 
likely though that all the S. disappears via reaction [7]. 
The second order rate constant for reaction [7] has been 
EepOreeds aso, sax anya Lite apysee (147) 73 at, a pressure of 600 
torr CO... Besides reaction [7]: we could have recombination 


al Be Be Sey ae Sar Se Gens etc. This would increase the 


2 oeuee2 2 aha 
Past termsin equation (111). 


Another possibility is the reaction 


3 Cag ok yy? 
S(~P) + RES > +CH, S 


5 [9] 


followed by 
> “is nCH P= Eepolymex. 


It was observed that after each run, the decrease 
in ethylene was greater than could be accounted for by the 
ethylene episulfide formed. Also the reaction vessel was 
coated with a faintly yellow deposit, which however could 
well have been pure sulfur. In order to distinguish between 
reacceions, [6 }/ and (19), a run, wasecarricd out an whichea 
Gasamixture Consisting of 2100 torn, COS, sl abe tore: co, 


mice BO CHAS was photolyzed using a medium pressure 


Mekouive alceandey SkUmcuL-OLLe tiller. The products were 


, Spe ye By Bret ae 
a ane 
: 7 7 : ho = 
7 
7 : 
” g Y > . 7 ‘ 
‘ f ’ A " Asn site - 
ra | ‘ et L424. wise i> 
; Ta 
i 9 
. 5 i »43 a 
+ 
* 
if a | Le | 
, * 
‘ 5 
. 
“ 7 








Pale j fips lone it 
1 ee 

o foe aoe 

dex 19b70 Boose sit 














oe PSs ‘i Lt geo 5 alah & °, tay o-: a 
: 2.- SPL, 4) 4809 ae ; 


eS 


he Ss @ 
or ie a ; Ps 





jes umoles CO and 11.8 > jmoles CoH, Presumably, the only 


FeEacel Ons OL s(3p) atoms were with CoH,S. A blank run was 


Eien carerecroulcyei witch 2 torn C5H,S was photolyzed 


for the sanemduration lS Trhetyiseid of CH was 8.2 umoles. 


4 


Daas, Bitbethe Biixrst run ,.at Mleasts6 umoles) of C,H, were 


Produced by treaceroma( 6). ilherquantumeyietd "of CoH, in 


Ghetohotolys is jot C.H,S is pressure dependent, being 2 at 


fowltpressiures (C115) tsomthat? the CoH, produced in the first 
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run, especially in the presence of 100 torr COS, was probably 


exceedingly smalls “Thus, the major reaction of s (7p) with 
ethylene episulfide is via react sTone[G) ¢ 
Callear and Tyerman (99) have observed the 


analogous reaction [ll] in the selenium-ethylene system: 


Se + Se (Pp) — C.H, + Se ae 


C ois 2 


H 


2.4 


hy Pom reactLan sc uexothemm Ciby gsoakcal noe aa and is about 


100 times faster than the addition of selenium to ethylene. 


At higher temperatures the reaction became negligible 


indicating ja very. low activation jenergy. 


If one accepts the value of 7 x kaye ee ee iO 


k, Wee acter Ke at SPR NSE re Wane we aoe - Shei. Coane ies 


Welle tol me ureciLres, an upper limit for Hh, of V0.5 kcal 


6 6 
-1 - 6 _-L -1 
mole . The alternate value of k, AE TA Se oc aCe Wii! sec 


reported by Lown et al (98) leads to an upper limit for 
E¢ (enn Co pneh a corsul | eee The low activation energy is not 
SUEDE Sige in waew 4.0L ene fact athat sreactlon. 10] a sexo 
Taermerby 42.5 kcal oleae 

Recently Jakubowski (118) has measured the activa- 


tion energies for the following two reactions: 


Hie ei io meter Ogee (GC aE Pi 


3 5 2 4 





ot Fe ‘Sf cee 3” : a ee 
. eew 2,H.9 rvod SI Hotdw at - 







Za0 


CH,5 Pe ho CHS. as CoH, prs 


The activation energies measured were E = 7.7 


i 
ae athe ana E13 ="S.1.kcal he DiSu- SS) and 

D(CH.S = SCH.) aresabouc, lOl wand Je kcal olen respectively; 
ikea D(CHS - S-) is taken as intermediate between these two 
values, then the exothermicity is about 29 kcal molen ae 
These results therefore support the extremely low activa- 


Evone energy for reaction [6]. 


Turning now to the propylene system, the value 


obtained for Eg = Exo Wie S 095.6 E. ~ Eg has been measured 
Lomoe J5i4 kcal. aoe et (Chap Get a1 lii)e, pale E. = Ee = 1.84 
keal ane Therefore EG = Exo = O0..23: keal tne Oe 

A/Ay g is-equal to unity. The 0.23 kcals difference between 


tievectivation energy for abstraction of S atoms from pro- 
pylene episulfide and ethylene episulfide indicate that 
the exothermicity of s (3p) adareron tCoupropylene 1s slightly 
fess ectian thats for addition’ to ethylene... “~in™accordance 
with this observation, the activation energy for thermal 
decomposition of PES was found to be slightly less than 
that for EES (98). 

The high A-factors for both reactions [6] and 
[10] indicate a very loose transition state for the reaction, 
One which 1s probably non-cyciie.., Brom ene estimated) A-=Tactor 

14 sik 


POrmsreact one  [eae, AG must be about 10 Ge oats sec 


Therefore . 


es = a ee (RT) ens 








os - 
q ge te 5 r 
pep HO + ag “ 
ae “By Fray gr 
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= Vl Teeny ee 


comarca -19 gibbs/mole 


Le 
Rope Seca sry — §. (RES) 


Assuming 5° (Sp) = 40 gibbs/mole (103) and S° (EES) 


=moceGibos/moles (Chapter I11), then 'S, = 83, where aE is 
the standard entropy of the transition state at 297°K. The 


standard entropy of CH3CH,-O-O- is 74 gibbs/mole and substi- 


(ution of S for O increases the entropy by about 3 - 4 
gibbs/mole. Therefore the structure of the transition state 
must closely resemble the diradical *CH,-CH,-S~S-. The 


reaction may occur in two distinct steps as follows: 


S + °CH.-CH.-S-S-* 
Lee. 


"CH, -CH5-S-S** = CoH, + So 


In support of this proposal, it was observed 
that following each run, the amount of ethylene in the 
system had decreased below that which could be accounted 
for by the yield of EES. Thus the following reactions 


May occur: 


° - —-S-S.* ° - —-S—-S-. * 
CH, CH. Site: cue gl + CH, CH. S=S 5 


*CH,-CH,-S-S- + nCoHy > polymer 


It should be possible to gain further information 


concerning the transition state of the abstraction reaction 
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by observing the extent of stereospecificity in the 


reaction of s (7p) with cis or trans-2-butene - episulfide. 
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CHAPTER V 930 


ADDITION OF s(?p) ATOMS TO DEUTERIO-ETHYLENES 


RESULTS 


The secondary deuterium isotope effects for s (7p) 


BrotelitiepMepal ere) CoDyr ethylene-1,1l-d,, cis-ethylene-1,2-d, 


and trans-ethylene-1,2-d, were measured by competition between 


equal pressures of each of these and C LOL s (7p) atoms 


oA 
peecucsde by eciew invest tu photolysisq0f COS in the presence 


of a large excess of CO Conversions were kept down to 


5° 
about 3 umoles of episulfide so that no secondary reactions 
occurred between the episulfide and the sulfur atoms. The 
episulfides were separated from the reaction mixture by 


Sei eae ronecorough “five traps at -140°C, and from other 


contaminants such_as CS. by gas chromatography. The 


2 
binary mixture of episulfides was then analyzed by mass 
spectrometry and the relative amounts of each episulfide 
calculated from calibrated mass spectra. The isotope effect 
was then obtained from the equation: 

ee ee 
k CoH,S P(C5D,) 


in the case of C.D,- 
The isotope effects were measured over a 120°C 
temperature range. The data for each deuterated com- 


pound are presented below. 


* a 
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Ethylene-d, 


1) Calibration of Mass Spectra 


A sample of C,D,s was prepared and eight record- 
ings were made of the m/e values 59, 60 and 64 on an MS10 
Mass Spectrometer. From the average values of the ratios 


of these peak heights the following peak height ratios were 


obtained: 
64 _ 64 _ 
ey — 7188 60 = Se el 
A mass spectrum of C5H,S showed no peak at m/e = 64. Four 


samples were then made up consisting of carefully measured 
mixtures of C.H,S and C,D,S. For each sample, eight 
recordings were made on the mass spectrometer of the 59, 60 
and 64 peaks. The peak heights were measured and the 
fraction of each peak which was due to a given episulfide 
was calculated, thus the "corrected" 64/59 and 64/60 ratios 
were obtained. (i.e. the part of the 59 and 60 peaks due 
to C5D,S were subtracted so that the "corrected" peak ratio 
is a measure of the episulfide ratio.) The peak height 


ratios were then calculated corresponding to equimolar 


mixtures of C,D,S and CHAS as given in Table XLIXa. 


2)  Photolysis Runs 


A gas mixture was made up consisting of the 


following: 


#08 Sd 
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TABLE XLIxXa 


CALTIBRAGIONS OF BINARY EPISULFIDE: MIXTURES 





ics a a 
en 64 64 
Sample ea lee hay ke Cea ys 25] lea) 
1 1. 63P 0k 1.94 0.840 1.100 0.913 
2 1 63 1.96 OF S30 TEA Oye) 0.897 
3 160 1.94 O85 TEA AES 0.926 
4 198 aR ol 1.199 iL OTH 02907 
Average = = = P2100 Ory kt 
a) neOnrected. value, corresponding, to 1: leratio. of& 
episulfide. 
TAB L Ba Xi 
LSOTOPE, EFFECTS AS) A FUNCTION,OF TEMPERATURE. FOR CoP, 
a b ee 
64 ae 64 Sere Kp 
Run Wy Cee 59 CoH, 60 C5H,S ky 
an 29:2 iat iy eae T8327, hah sre thee Paes! 
2 298 leaZ2 AG die, JENS} 1.2050 tb aay - 
3 Zoe dees eee) 2 0.994 Th) al: FES ESHS) 
4 96° he weg es LPO s ele 1.057 ita aay) ees 0 
5 JES fs tee OL ies Oe lo24 eis doe? 
Average = = = = = 1.144 





a) Calculatedefzomec4y59 ratio: 
b) Gacalcutated*£romté4/602ratio~ 


C,D,8 


CHS 


ae hale 





c) Average of 


as AAW ta , 
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ater. OS 


+ 


eps1svA 


ea eee a 


Beer et 
dina L/W a 






200 
BCCOS) ==. 20esLorr 


P(CO.) 940" tore 


Olefin pressures read on cathatometer: 


P(CoH,) con (aA UP wohaan 
P(CD,) 3), OMEOmL 
PCOC2 re) 

Deg | 
woop aS | He MORSE) 
P(C,Dy) 


Each olefin was then transferred to gas buret 
and re-measured. 
P(C.H,) 
From Gas-Buret Readings: s=—~=—~~ = 1.031 
PCED) 
2-4 
The mixture was then photolyzed at different temperatures 
aS recorded in Table XLIXb. The mass spectrum for the 59, 
60 and 64 peaks of the episulfide product was scanned eight 
times, the average 64/59 and 64/60 peaks were then "cor- 
rected" and divided by the calibration factor to give the 
ictal OG 


5D ,S/CoH,S. 


Ethylene-1,1-d, 


The procedure was the same as in the previous 
case except that the mass spectral peaks at m/e = 62 and 
m/e = 60 were the only ones measured. From the spectrum 
9D5H,S, 62/60 = pee Using these ratios it was pos- 


Sible to "correct" the peak ratios due to the mixtures of 


OLac 


episulfides. The calibrations are given in Table La and 





aah 


thesresultsein Table Lb. The photolysis mixture consisted 


of the following partial pressures: 


PMGOS)? = 23 tors 
P(CO,) eI) Oumats OCS 
P(CD.CH,) =e OS) Lorn 

P(C5H,) = 30.33 torr 
P(CDRCH) 

Zan. 
025 
P(C,H,) 

P(CD.CH.) 

From Gas Buret —-.—~—~ = 1.016 

Ces) 

Ze 

P(CD.CH,) 

Average PIC,H,) ee AR OPA A 


cis-ethylene-1,2-d, 


The mass spectrum of this compound gave an 
WW emGat1OvOmo2/60 — 2.2. The calibration results of the 
episulfide mixtures are given oA Table LIa and the results 
for kp/kKy in Table) Ib. The photolysis \ mixture consisted 


of the following partial pressures: 


BiCOS) e742 cto cx 

P(CO,) ==150'2 0 Neto sg 

P(C.H,) =5/ 2) eee O Inds 
PH CDE GDH a=. 3:2... LOL 
P(CDHCDH) _ 4 915 


7 TENE) 
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TABLE lia 


CALIBRATION OF BINARY EPISULFIDE MIXTURES 











u moles yu moles Coe 60° 
Sample CH,CD,S C5HyS CHCD5S 62 
i Hoc HS) ou try Oe sab LO ae 
2 1265 2602 . Je203 1.044 
e heh Vis: a Beas tee) 07-700 A Bash tall) 
Average ~- cs a 1.034 
ayy Corrected" ratio corresponding €6 Lik FAETOSOF episulfides; 


Bach value is an average of 8 recordings. 


TABLE Lb 











TSOTOPE EFFECTS AS A FUNCTION OF TEMPERATURE FOR CD.CH., 
18 
60° a 
Run TS (asa) 62 ky 
ny Zo : 0.955 DOG 2 
2 eens 0.945 e073 
3 dhswmeye On 955 Ign Oe 
4 2 Ox 0.945 ihalaryfe' 
Average e = ibe Ole 
a) PCOLLECLEGU. Haulo 
Bo) 
b) BD 17 pee? 1.021 
kK L034 : 


Vai 7 7 
» 2 : ; i oi 
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ne" be Pex TT. ry r 
Ye - SO a — - ~ - a 


oe —— 7 ¢ 










> CHIT > 4] ea i Op 7 


a r 
2-09 HO 


239 
TABLE Lila 


CALIBRATION OF BINARY EPISULFIDE MIXTURES 


umoles umoles oe 60° 

Sample CDHCDH CjH,S CDHCDHs 62 
if HEE Pepe) Ab ronl 07953 ul aba Bele: 
2 1766 2200 LW ae} re OF, 
3 2el7 1.66 One Se 1.098 
Average = _ ce 1.104 
aj “Corrected” ratio corresponding toll eprsulfide ratio 

LAB Gis irk D 








ISOTOPE EFFECTS AS A FUNCTION OF. TEMPERATURE “FOR ‘CIS=CDHCDH 








b 
60 Kp 
Run mG? C) 62 Ky 

if OF dy SOUS) ios 

2 93° 1.059 12028 

3 > oe i OO 10 De 

4 2. Oe 1036 12050 
Average = = 1.04 

a) “Gorcrected Latio” 


. au | 
ess 62 
ee Ao spies) ee 
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24 
B.CCDHCDH) 7 


From Gas Buret Dini = 1.014 
a Oe 4 

Average eel 1.014 
P(C,H,) 


trans-ethylene-1,2-d, 


The spectrum of a sample of trans ethylene 
episulfide -d, gives a ratio of m/e peak heights, 62/60 = 


pe axe Vatiyshe Lene ae Ss) gives 60/62 = 21.9. ‘From these - 


2H 4 
values the 62/60 ratios due to the episulfide mixtures 
were corrected. The calibrations of the mixtures are 
recorded in Table LIIa and the isotope effects in Table 


Lilb gee lmerpnorolysiss mixture consasted of the following 


ese EPO A SRA ett Se ee 
Dar tial pressures: 


BCCOS) = =—44) {Corr 
P(CO.) =e 24 59COrr 
P(C,Hy) == “UNOS 5 SP) Geepene 


P (trans CDHCDH) i) Axel eo er 


P(trans CDHCDH) 


a Gk 
P(C.H,) 





The secondary isotope effects together with 


probably G@srors are Summarized in Table Lirl. 
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AB DES lite 


CALIBRATION OF BINARY EPISULFIDE MIXTURES 





umoles umoles 62° 
Sample C5H,S trans-C.DH,S 60 
1 Px Aes 1h sth) 1007 
2 OR 2.04 0.982." 
5 Zee ives 4 058 
Average - - 1.014 


Se ee es 





HieCOLLeCtCdsratilo ror ls] -episultide ratio 


TABLE LIIb 


ESOTOPE EEPECTS. AS: AMEUNCTION OF TEMPERATURE FOR 


TRANS~-CDHCDH 


b 

a SD 

Qe i 

ASA lig! TGC) 60 H 
1h IMPS Ag ENS) ee Be 
2 28° hays cis: 1 32:05 
& howe. deeceo deo :0 
4 Te 1.073 05989 
Average = = Lee ee 





a) -Courected ratio 
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TABLE LIII 


. SECONDARY: LSOTOPE EEPFECTS FOR ADDITION OF 


S(?P) TO ETHYLENE 


*D 
Olefin ky 
CoD, ee ASO 
CD.CH, Dinsell Oi) pea [O38 OF 
cis "EDHCGDH Odette OO 
trans CDHCDH EL Pelee re) or cs 


TABLE LIV 


SECONDARY “TSOTOPE’ BFPFECTS FOR ADDITION OF ATOMS AND 


RADICALS TO OLEFINS 


Atom or Radical 





Olefin 
S fa CHa? Cite Selva” 
CoD, erle4 ~ Oss Oar - 
C2D_ - Lene al, eA) daly) - 
¢CD+ CH, = - TC O meee ElO = 
trans stilbene - - - - Lei: 
a) Reference 51 GC) Reference 50 


b) Reference 52 qa) Reference 49 
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DISCUSSION 


As predicted by the Streitweiser model for the 
SecondarvVeac—Geuren UMsLsOtope pei tects (36),,ethe.cesults 
show an inverse isotope effect for the addition of s (3p) 
to ethylene. The KD/Ky values measured cannot by them- 
selves indicate whether in the transition state the sulfur 
atom is partially bonded to both carbon atoms or to just one 
of them. In either case the isotope effect for ethylene-d, 
would be expected to equal one half of the effect for ethy- 
lene-d,. Within experimental error the rate ratios for 
ethylene-1,1-d, and cis-ethylene-1,2-d, aregnioliseiacw1o 


ethylene-d,. The anomalously high value for trans-ethylene- 
d., was found to be reproducible and is difficult to explain 
unless the deuterated sample was impure. 

It is interesting to compare the present results 
WELhmehnOsesOr OLener saLOmLc and radical, additions, to olefins), 
whitchware summarized an) Table LIV. In the addition of H 
atoms, CF, and CH. radicals to olefins only one of the car- 
bon atoms (the least substituted one) undergoes a hybridiza- 
tion change from sp- to Sp>; the change in the free energy 
Of activation for the addition.of these species to =CH, 


ancde-CDee tse LOUgGtiVvahalt thatetors thesaddi C1oneo & s (3p) 


2 


atoms to CoH, and C.D,. The suggestion is strong, therefore, 
that bonding occurs simultaneously between the sulfur atom 
and both carbon atoms in the transition state. 


The most striking feature of the present results 
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however is the constancy of KD /ky over a 120° temperature 
range. This is the first study of the temperature dependence 
of the secondary isotope effect in the gas phase, and is 

over a much wider temperature range than previous studies in 
solution. According to Streitweiser's simplified equation 


(see Introduction) 


k 
Daa -0.187 : + 
res b. exp{ # (O Wie )4} 


H a ik 





thus the cause for the secondary isotope effect in this 
case lies in the pre-exponential factor b, which is equal 


4 ; ; { a. ¢ 
eTWhere CerSse ties transmission) Ccoctti cient 


Coma cr (my"/m,") 
and a is the effective mass along the reaction co-ordinate. 
This factor will be discussed later on, but for the moment 
Peerceclcarsthat it would beva futile exercise) to»discuss 
the magnitude of the isotope effect in terms of the vibra- 
tional frequency changes incurred in going from the trigonal 
configuration at a carbon atom to a tetrahedral one as 
Szwarc (50) and Seltzer (54755) have done, and to derive, by 
comparison of the calculated effect with the experimental one, 
the extent to which C-S bond formation has occurred in the 
transition state. 

Unfortunately there are not sufficient temperature 


data to permit the calculation of the enthalpy of activation 


difference, AAH’, and the entropy of activation difference, 
AAS’, Dypert cingechesdatantOs the Fequation 
‘igaay ea er eakr 
sa “e e AH, AH, AS. AS, 
k RT R 
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by the method of least squares, but it is clear nevertheless 
chats the frectsiceduespredominantlyeifinot entirelyeto the 
entropy offactivation differences! Thus for s (7p) addition 


EO C5D, 


- AS. =~ 0.26 gibbs/mole 
v 0.065 gibbs/mole per deuterium atom 


Several examples are reported in the literature 
where SN1 solvolysis reactions in ‘'‘water-poor' solvents such 
as ee een sino a Seon B-effect which was due 
to ,poth Aant and Aast differences. Shiner (119) studied the 
temperature dependence of k/Kp for solvolysis of §8-deuterated 
2,3-dimethyl-2-chlorobutane in an ethanol water solvent and 
found a difference in experimental energy of activation of 
580 cal/mole which was balanced by a very large entropy of 


&: 


activation difference, so that AAF’' was reduced to a reason- 
able 100 - 150 cal/mole. TnNPaeswatergr1chuvsolvent, on the 
other hand, Lewis and Boozer (120) found a very small ES 
difference and no entropy of activation difference in the 
SNl acetolysis of B-deuterated compounds. The explanation 
offered jaar in the transition state, hyperconjugative 
Charge dispersal is more effective in the deuterated com- 
pound, (see Introduction) hence there is less solvation and 
consequently a higher energy of activation; with the non- 
deuterated compound more solvation occurs resulting ina ~- 


lower energy of activation and a greater entropy of 


activation due to the 'solvent sorting' required ina 
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"water-poor' solvent. 


The first report of a temperature independent 
Meocaae effect was by Leffek et al (121), who measured 
the 8-effect on water solvolysis of isopropyl sulfonates 
and= bromide. = At 5s02C, AAF* /n = 46, 47 and 29 cal/mole, 
respectively, for the tosylate, methanesulfonate and 
bronace, wOtmwihtchm4 ss) 50 andssOmcals/mole were due to TAAST. 
In a later paper Leffek and MacLean (122) measured an 
inverse a-effect of 0.88 for the Menschutkin reactions 


between methyl and methyl-d, iodide and a series of tertiary 


3 
ammines in solvent benzene. Over a 40°C temperature range 
the a-isotope effect for reaction between methyl iodide and 
2-picoline was temperature independent and it was found 
that as 7 - as,,* = +0.083 gibbs/mole per deuterium atom. 

In both these instances the mechanism was SN2 
endekettewrand Machean proposed that the lack of “an enthalpy 
of activation difference between the normal and deuterated 
molecules was. due to a cancellation of two opposing vibra- 
tional effects and the entropy of activation arose from an 
inhibition of the internal rotation of the methyl group in 
the transition state. This inhibition would be greater in 
the case of the non-deuterated molecule, resulting in an 
inverse effect. Hakka et al (123) found a temperature 
dependence for k7kp for hydrolysis eotst—butyl—chionides— 


a 
an SNl1 reaction - such that AAF = AAHT and suggested that 


it may be possible to differentiate between an SN1 and 


~ 
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SN2 mechanism depending on whether AAF* = AAH* or AMF? = 


-TAAS*; in their opinion two opposing effects occur in an 


SN2°SuLUuatLon gee sO mwenmatheshydrolysismoet isopropyl "bromide. 


CD 
3 CD, 
a 
a 
0- ~~_ v- FH 
lie 7 | aC) 
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Strong C-O interaction increases the torsional force 
constants about the C-C bond while electronic changes, 
asseocietred=watn bonding to both Br and O provide for a 
decrease in the "high" frequencies such as stretching. A 
recent study of the temperature dependence of an SN2 
eee by Jackson and Leffek (124) is in agreement with 
the proposal of Hakka et al. 

In order to investigate the theoretical causes 
of temperature independent isotope effects, Wolfsberg 
BnemoceLimus jm Wavercarried=OutGs exact ‘calculations of 
the isotopic rate ratio equation for a model system 
assuming certain force constant changes in going to the 
transition state. They concluded that it is possible to 
obtain large temperature-independent isotope effects if 
some "small" force constants in the reactant (e.g. those 
corresponding to torsions) become larger in the transition 
state while some "large" force constants (e.g. those 
corresponding to stretches) in the reactant become smaller 


in the transition state. From their model, they also 
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found the important result that the pre-exponential term 
reached its "high temperature limit" at room temperature. 
(ONE is not temperature independent, but is a "vary- 
ing" function of temperature so that the value obtained 
from the intercept of an Arrhenius plot of k/kp depends 
on the temperature range in which kL /Kp was measured; 
ee is the “high temperature limit" of kL /Kp measured 
Stas OOO0 2K.) 

The results of the temperature study of ko /kKy 
LOR S(>p) addition to deuterated ethylenes seem to be very 
Similar to the theoretical results of Wolfsberg and Stern. 
There is no enthalpy of activation difference between the 
deuterated and normal ethylenes and no curvature in the 
Arrhenius plot. Thus, either there are no zero-point 
energy differences or there is a fortuitous cancellation 
OLeOpposiang charges in the C-H bonds. The latter seems 
ECOeDeCREneCeMOremlIkKelyeparcticularly Since, 1t ws fairly well 
established (34) that C-D has a higher inductive effect 
that C-H and therefore a lower activation energy would 
be expected for s (7p) adding One CoD, unless there is an 
opposing effect. The occurrence of two opposing charges 
in the C-H vibrational frequencies is evident if we postu- 
late a transition state similar to that proposed by. Scheer 


andaklein (LO7/) fom the additionvo£ 0 (7p) atoms to the 


2-butenes, as follows: 
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H 

Be matter won fs i 
Cee Cc 

Gedy eee 4) 


The sulfur atom approaches in the plane of the 


ethylene molecule and partial bonds are formed between it 


and the carbon atoms and the two hydrogen atoms Hoo) and 
Senay This results in a decrease of the frequencies of 
the stretching modes of the CH (5) and eeAy atoms, as is 


observed in hydrogen-bonded complexes in general. At 
the same time, the configuration of the carbon atoms 

Was Changed (partly) from sp? iste) sp> resulting in an 
increase in the frequency of the Hy) and H (3) bending 
modes. Although there are, no doubt, other force 
C@mscan eecilalges sUCl ds. Lue C=Cestrerching,. GLO, s1t 

is very possible that the net frequency change is zero. 
The frequency changes should also cancel in any of the 
dideutero-ethylenes, since the sulfur atoms will approach 
each side approximately 50% of the time. 

Having cancelled the effects due to zero-point 
energy differences, we must now rationalize the observed 
isotope effect. Streitweiser (36) assumed that rg Hh” 
and Ky/ Kp were approximately unity in the acetolysis of 
evelopentyl) tosylate; sit is unlikely that this is so in 


PieeGaAsceOLesUulbuneacOMm addition to ethyiene. The 
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| important motions along the reaction co-ordinate are the 
ape LOdCWmOrpecClcesUlLUG=atLOom ana 1ts increasing interaction 
with 2 carbon atoms and 2 hydrogen atoms, and the out-of- 
plane bending of 2 hydrogen atoms. Thus since the hydrogens 
are involved to a very great extent, changing their mass 
EEO tOmomcOmnparedawi th o2 erorn sultur should certainly 
affect the 'effective mass' along the reaction co-ordinate. 
In Streitweiser's paper, the leaving group was a heavy 
LOoyvlaLer group...) Jf m,*/m,* is non-zero, it must be less 
Eheanmunicy , newever, so that 1 would not give an inverse 
isotope effect. 

It was shown in Chapter IV that in the s (7p) 
+ ethylene system at c. 1,000 torr, approximately 6% of 
the newly-formed activated ethylene episulfide decomposes 
MeO LSculan VegeeLt 1S likelvetharcwas.noOt. sdeucerared 
episulfide molecule would decompose less rapidly, result- 
ing in an observed inverse isotope effect for the addition 
of sulfur atoms to ethylene. Deuterium atoms should be 
more efficient than protium atoms in partitioning the 
excess energy in the activated molecule, because of their 
lower frequencies. The isotope effect may thus be pres— 
sure dependent, and would thus require further study. 
Rabinowitch et al have reported very high secondary isotope 
effects for chemically activated systems (125) which were 


also pressure dependent. However, even if all of the ‘hot' 
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C,D Suisestabilized thisgwouldtonly account for an isotope 
effect of 16% instead of the 14% observed. The effect 


might be a consequence of the smaller steric requirements 


of the deuterated molecule. 
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CHAPTER VI 


SUMMARY AND CONCLUSIONS 


Relative rates and Arrhenius parameters have been 
measured for the addition of s (7p) atoms to a series of 
hydrocarbon olefins, halogenated olefins and acetylenes. 
The ground state sulfur atoms were produced by the CO.- 
induced collisional deactivation of s (+p) atoms resulting 
from the photolysis of COS and by mercury-photosensitization 
Ofte COs. 

The relative addition rates to the hydrocarbon 
olefins increase with successive methylation of the double 
bonded carbon atoms indicating that triplet sulfur atoms 
are electrophilic in character. The increase in reactivity 
is due mainly to a decrease in activation energy while the 
pre-exponential factors decrease very slightly with the 
amount of alkyl substitution. The latter effect is ascribed 
GOmscterLC hindrance. 

The, electrophilic character of s (3p) atoms is 
further evidenced by their lower addition rates to halo- 
genated olefins compared with the hydrocarbon analogues. 
Again this is caused by an increase in activation energy 
MDOMmSUISCLCUCHON OL a (i LuOLIne. Of Chlorine saLom storea 
HVGLOdech ete tne ssemies) OLED luOnminatedseuny lenesethe 


activacionwenergy .On Sulfur atom addition increases toa 






¢ ce 


. ¥ wy . ' 
3 ~ aa . ~ hk Br xa roA Oe hie Seg f tT , 


7 




















big - - 
- ; ee — — are ni 
a ,enL28.0 nodissouby. : 
* 7 Voy or Ww - - 
Peve thas . 
$6 Ive etsite bavorp oat 
: ’ yj 
2 _ 
' ; . -- wle 7 
+ & lsnotatifoo beoubal 
a . : A 
S2LEeYsO7 Of 
ss 
°°. 
j ID —~ at [¢ ~ aT 
t 
~ ~~ a 7 tear 
~ . = Of a ll Jf a emis i ¥ 
>tbat emosys nodzss bebs 
. P = ; « : 
L& ~J {NqortzysS 
e = 5 ie t oO: . Li rt .o 
J 1982 x¢ B27 16571 aNoqi 
> ; fe LVAL .@) 
IRs rors ro ae 6 
3 st¢69le off 
” ; 7 Jer 
_ é “4 ° , « om § | , £ ; wos 7 Pvc . 
a3 > ol tLe m2 Yd BDeonebives 2shyte2 
¢ : : 2 = 
et = 3 a. 
_ . £ o ‘ ° nye 


SSEDOLENS AOGTSs.0OIS yd eas tiztw Boe Teg MOD wat? belo bad 
. : oie a iw 

une aera mm r4au ar yf Apher | ” * a ° 
Testac Toe is 1s s SSO 70AL sf xa soe uo 2 & s ; ! 
7 + ve 7 7 















1026 sniszoids 


+ _ 


vide Bs mee 


= 





‘ot aanaioaee 


253 

maximum for the di-substituted compounds and decreases 
again for tri- and tetrafluoroethylene. This behaviour 
is ascribed to the opposing inductive effects of the o- 
and p-electrons of the fluorine atoms; the electron-repelling 
effect of the aeerets Dae predominates in the more sub- 
stituted compounds. In the case of olefins where a fluorine 
ateomei1s Substituted at a 6 Or Y position relative to the 
double bond, the electron-withdrawing effect of the o- 
electrons alone is operative and the activation energy 
increases consistently with the number of fluorine atoms. 
The pre-exponential factors for sulfur aeSa addition © 
the halogenated olefins are higher by a factor of 2 to 3 
than those for the analogous hydrocarbons. This 1S ascribed 
to the greater effectiveness of halogenated compounds in 
equipartitioning the excess energy in the newly-formed 
adauct. 

Ground state sulfur atoms add to alkynes with a 
higher activation energy and a higher A-factor than to 
the corresponding alkenes. The higher activation energy 
arises from the greater electron-demanding properties of 
the triple bond while the higher A-factor is due to the 
cylindrical symmetry of the Il-electrons and consequent 
larger effective collision diameter. 

The activation energies for addition to hydro- 
carbon alkenes and alkynes were found to decrease with the 


ionization potentials in an approximately linear fashion 
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while for the halogenated alkenes no such correlation exists. 
For olefins containing*a =CH, group the activation energy 
for sulfur atom addition increased linearly with the average 
atom localization energy of the two doubly-bonded carbon 
atoms. This suggests Partial bonding= of the=sulfurvatom 

to both carbon atoms in®* the transition” state. 

A detailed reaction path is proposed for the 
addition reaction of s (7p) with CoH, which is consistent 
with the observed stereospecificity of the reaction, the 
dependence of activation energy on electron availability 
in a series of olefins and the apparently low activation 
energy for the addition reaction. 

The addition of s (7p) atoms to ethylene and 
propylene have been investigated at low pressured. In the 
ethylene reaction, the "hot" episulfide undergoes uni- 
molecular fragmentation to a sulfur atom and ethylene with 
aerate, constrant. ki <9 72) x Ha ee About 90% of the epi- 
sulfide is collisionally stabilized at a total pressure of 
500 torr. No fragmentation of the propylene episulfide 
was observed at total pressures as low as 12 torr. 

Arrhenius parameters relative to those for s (3p) 
addition to ethylene were measured for the following 


reactions of episulfides: 


S 
SiGab) ie C5H,S aa So cur CoH, is) 


s(3p) + C,H.S ————> S, + C,H, [2] 
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Both reactions have a pre-exponential factor 8.3 times as 


Dicgheasmcicts OLMadd1 tion vot s (3p) to ethylene while Ey 


and E, were respectively 1.84 and 2.07 kcals mole > lower 


than Es (3p) A CMH): 
The secondary a-deuterium isotope effect was 


measured for addition of s(>p) atoms to CDy, CD,=CH., 


Ccis-CDH=CDH and trans-CDH=CDH over a temperature range 


psy 


Promes 7. Ge tomls02G.) athe kK D/Ky ratio for each of the deuterio- 


ethylenes was constant over the temperature range and the 


eS lcs aneaCcoOns uso ceciew ithe transition state in which the 


SulLfuG avome separtially bondedwto oth) carbon atoms sand 


two hydrogen atoms. 
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APPENDIX 


Mass Spectral Data 


Tecan. lLuoromethy Es propene Episulfide 


m/e Redes tnt. m/e Rel @vint. 
27 8.8 69 1382.3 
28 3.025 pia ORD 
32 Lees 9 13 a255 
38 554.0 va O24) 
39 29.0 89 P24 
41 30m 91 6.6 
43 6.4 95 5.3 
44 3.7 LOM 9.3 
45 100 109 6.6 
46 2552 Ze 6.4 
47 w4a%e2 122 1530 
SZ 6.6 123 Zin 
58 8.8 142 60.6 
59 Uae! 13 Bugis 
65 6.0 


2. 2-Fluoro-propene Episulfide 


We Re Vein ces m/e Rel. int: 
26 3.4 57 WA 28) 
PLY) oS 58 iow, 
28 iy 59 94.4 
a0) 4.9 60 LO 
GZ Seal 63 6.9 
hs L729 fyi 2a eet 
38 4.4 he L5e2 
39 26.4 sey, fica) 
44 AST 92 88.3 
45 100 93 360 
46 3 oer 94 4.0 
47 Zon) 
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3. 3,3-4,4,4-Pentafluoro-butene-1 Episulfide 


m/e Rel. Int m/e Rel. Int. 
26 pS es} 58 21s 
21. 3451 59 100 
28 Ops 60 aa +0 
Sul LOe/ 61 4.0 
a2 SAL 63 heh 
35 37.6 69 1955 
39 14.9 15D Tae 
44 10.4 Fe] S220 
45 94.5 83 4.9 
46 oP db 89 Seyi 8) 
47 4.6 95 4.3 
50 4.9 Oy 4.9 
5 2193 109 4501 
53 Se eS SLANG 
54 Sez 177.8 78.0 
ati) AWS) Yi 180 370 


























